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Preface

In a world increasingly driven by technological innovation, advanced ceramic materi-
als have become key players in numerous breakthroughs in strategic sectors such as
energy, health, electronics and environmental sustainability. This book, Advanced
Ceramics Materials — Emerging Technologies, seeks to explore and highlight the trans-
formative impact of these emerging technologies, offering a comprehensive overview
of the most recent developments, their innovative applications and prospects in this
dynamic field.

The evolution of ceramic materials, from traditional to advanced ceramics, has wit-
nessed exponential growth in terms of properties and functionalities. Materials such
as piezoelectric ceramics, porous ceramics, and nanostructured ceramic composites
have revolutionized applications in microelectronics, clean energy generation, and
biomedicine. This book not only explores the fundamental properties of these materi-
als but also analyses their interactions with other disciplines, demonstrating how the
convergence of materials science, nanotechnology and engineering has overcome
technical barriers and opened new frontiers.

In recent years, research and development in advanced ceramic materials have led
to innovations that push the boundaries of the imaginable. From functional ceram-
ics designed to withstand extreme conditions to nanostructured composites with
unique properties, the possibilities are as exciting as they are challenging. This book
addresses recent advances from a technical perspective and explores how these
technologies are shaping a more sustainable, efficient and technologically advanced
future.

Ceramic materials are destined to play a central role in this exciting journey into the
future, and this research is a testament to their continued importance in modern
science and technology. Their exceptional properties and versatility make them
indispensable in addressing some of the most pressing challenges of our time, from
advancing clean energy solutions to enabling next-generation biomedical applica-
tions. This book celebrates the remarkable potential of ceramic materials and the
innovative technologies that continue to push their boundaries.

This preface offers a brief glimpse into the diverse and groundbreaking research
currently shaping the field of ceramic materials. As we stand on the brink of dis-
coveries that will transform construction, technological innovation, and daily life,
ceramic materials emerge as pivotal to this evolution. The ongoing advancements



highlighted in this book emphasize their profound significance in modern science
and technology, reaffirming their central role in shaping a more innovative and
sustainable future.

Amparo Borrell Tomas and Rut Benavente Martinez
Institute of Materials Technology,

Valencia Polytechnic University,

Valencia, Spain

XVI



Chapter1

Advancements in Hard Turning:
Leveraging Ceramic Cutting Tools
for Sustainable and High-Quality
Metalworking

Mevludin Shabani and Ariana Gjoni

Abstract

This section of the book delves into the critical role of ceramic cutting tools in
modern metalworking, specifically in hard turning. It sets specific objectives to
explore the fundamental principles, properties, and advancements of these tools.
Distinguishing hard turning from conventional methods, it evaluates the benefits
and challenges, focusing on key factors such as tool wear and surface integrity. A
detailed analysis of ceramic materials used in tools, including coatings, emphasizes
their specific properties for hard-turning applications. The evolution of ceramic tool
technology is traced through innovative designs and surface treatments, improving
operational efficiency. Strategies for optimizing cutting parameters and extending
tool life have been elaborated, highlighting environmental benefits and sustainability.
Quality assurance methods ensure precision in hard-turning operations, as demon-
strated across various industries. Looking ahead, the chapter concludes by outlining
emerging trends and potential research areas, affirming the transformative impact of
ceramic tools on the future of metalworking.

Keywords: ceramic cutting tools, hard turning, tool wear, surface integrity,
technological advancements

1. Introduction
1.1 Overview of hard turning as a machining process

Hard turning is a precise machining process intended for efficiently and accurately
machining hardened materials, usually those with a hardness exceeding 45 HRC
on the Rockwell scale. Unlike grinding (which used to be the only method for final
surface processing until the introduction of the hard-turning technique), it offers
numerous benefits, including reduced setup time, cost-effectiveness in terms of
energy, and the elimination of coolants, making it both economical and environmen-

tally friendly [1].

1 IntechOpen
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The process has become more prominent in various industries due to advances
in tool materials and cutting-edge geometries. This allows manufacturers to achieve
superior surface finishes and precise tolerances directly from the machining process.
In addition, hard turning decreases the need for numerous needless operations, which
improves productivity and reduces manufacturing costs. However, besides the useful
benefits, there are challenges such as tool wear, residual stresses, and thermal effects
on the workpiece to pay attention to in the process planning.

The evolution of hard turning continues to drive innovations in machining strate-
gies, ensuring its continued relevance and effectiveness in modern manufacturing.

1.2 The importance of ceramic cutting tools in modern metalworking

Ceramic cutting tools have become increasingly important in modern metalwork-
ing due to their unique properties and the specific challenges they address in machin-
ing applications. Cutting tool development is important for enhancing the mechanical
properties, especially in high-speed machining with a long duration [2].

Ceramics offer superior hardness, wear resistance, and thermal stability compared
to traditional tool materials like carbides and high-speed steels. These characteristics
make ceramics especially suitable for machining hard materials such as hardened
steels and super alloys. Conventional tools may wear out quickly or struggle to
maintain dimensional accuracy and surface finish when working with up-mentioned
materials (Figure1).

Ceramic cutting tools exhibit low friction coefficients. Low affinity with metal
and low coefficients of friction can significantly reduce cutting forces and cutting
temperatures, ensuring machining accuracy [2]. Moreover, ceramics are character-
ized by their ability to maintain physical-mechanical properties, high hardness,
and wear resistance at elevated temperatures. In ceramic cutting, cutting speed
significantly influences surface quality, with wear indicators assessing the cutting
edge’s condition [1].

Figure 1.
Appearance of cutting board holder CSRNR 25 x 25 M12H3 from the company HERTEL (owned by the faculty of
mechanical engineering in Skopje) [1].
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The ability of ceramics to withstand high operating temperatures makes them a
leading engineering material. Their stiffness and strength are comparable to that of
the metals and are generally chemically unreactive [3].

2. Fundamentals of hard turning
2.1 Definition and characteristics of hard turning

Hard turning is a precision machining process specifically designed for the
machining of hardened materials; unlike traditional turning processes that primarily
deal with softer materials, hard turning employs advanced cutting tools, often ceram-
ics, to achieve high material removal rates and superior surface finishes. The process
of hard machining, of which the dominant is the machining operation performed on
the hardened materials, is defined as the process of single-point cutting of part pieces
that have hardness values over 45 HRC (Figures 2-4).

Characterized by high cutting speeds and low feed rates, hard turning operates
under dry or minimal lubrication conditions to reduce environmental impact and
operational costs. The objective of machining technology is to manufacture at the
lowest possible cost, but simultaneously with the highest dimensional accuracy.
Concurrently, the machining process should be eco-friendly, clean, and sustain-
able [4]. In metal-cutting operations, the cutting temperature field during cutting
determines key process issues such as many parameters, including accuracy of the

Back relief angle

Figure 2.
Geometry of the cutting tool (back relief angle).

End cutting
edge angle Back rake angle

P

i
i
[

Nose
radius

Side cutting
edge angle

Figure 3.
Geometry of the cutting tool (side rake edge angle, back relief angle, side cutting edge angle, nose radius).
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Figure 4.
Geometry of the cutting tool (side rake angle, side relief angle).

machined surface, tool wear, tool life, mechanics of chip formation, surface quality,
cutting forces, and cutting parameters, as well as process efficiency [5].

2.2 Comparison with traditional turning processes: Hard turning

Hard turning has emerged as a competitive alternative to traditional turning pro-
cesses such as grinding, offering advantages in terms of cost-effectiveness, efficiency,
and environmental impact. This chapter examines the key differences between hard
turning and traditional turning methods, highlighting the technological advance-
ments and benefits that have made hard turning increasingly popular in manufactur-
ing industries.

As mentioned previously [1], hard turning provides numerous advantages, such
as reduced setup time, cost-effectiveness in terms of energy, and the elimination of
coolants, making it both economical and environmentally friendly.

In terms of machining performance, hard turning achieves comparable or superior
surface finishes to grinding, especially with advancements in tooling technology and
machine capabilities. The precision and dimensional accuracy achievable through
hard turning have made it a preferred method for applications requiring tight toler-
ances and high surface integrity.

While traditional turning processes continue to serve specific applications
effectively, hard turning has emerged as a versatile and efficient alternative offering
significant advantages in terms of cost, time, and environmental impact.

The adaptability and cost-effectiveness of hard turning make it a compelling
choice, particularly considering the ongoing advancements in tooling, materials, and
machining strategies. As manufacturing technologies evolve, the role of hard turning
is expected to expand further, supported by continuous innovations in the field.

2.3 Advantages and challenges of hard turning

In the following, we will outline the primary advantages and disadvantages that
need to be considered when designing the machining process, including the selection
of cutting tools:
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2.3.1 Advantages

* Achieves high precision and excellent surface finish in a single setup

* Reduces operational costs

* Minimizes energy consumption

* Requires less coolant and produces fewer emissions than grinding
2.3.2 Challenges

* Intensive tool wear

* Residual stresses

In conclusion, while hard turning offers significant advantages in terms of effi-
ciency, cost-effectiveness, and environmental impact, it requires careful consider-
ation of tool wear management and process optimization to maximize its benefits in
precision machining of hardened materials.

3. Ceramic cutting tools: Properties and types
3.1 Overview of ceramic materials used in cutting tools

Ceramic materials play a crucial role in modern cutting tool applications
because of their exceptional hardness, wear resistance, and ability to withstand
high temperatures. Alumina (Al,O;), silicon nitride (Si3N4), and silicon carbide
(SiC) are some of the primary ceramics used in cutting tools, each offering unique
advantages.

Ceramic materials have been used to meet many engineering requirements [6],
such as in energy production and the aerospace industry [7, 8], because of their
chemical stability and relatively high hardness [6-8], lower density compared to
metals [3], high mechanical resistance [1, 3] and resistance to high temperatures
[6-9]. Compared to other materials, ceramics are also less prone to damage caused by
corrosive environments [7].

Silicon nitride ceramics exhibit excellent fracture toughness and thermal
shock resistance, essential for high-performance machining operations. Silicon
carbide ceramics represent a class of ceramic materials characterized by good
mechanical properties, thermo-mechanical stability, and fracture toughness
(Figure 5).

Despite their higher initial cost and susceptibility to impact damage, ceramic cut-
ting tools offer substantial benefits in terms of extended tool life, enhanced produc-
tivity, and reduced environmental impact in machining processes.

In conclusion, ceramic cutting tools represent a vital advancement in machining
technology, providing superior performance in demanding applications where high
precision and durability are essential.
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Figure 5.
Appearance of cutting plates SNGN 120708-120,712-120,716 from mixed ceramics MC 2 (Al,O; + TiC) from the
company HERTEL [1].

3.2 Properties that make ceramics suitable for hard turning

Ceramic materials exhibit several properties that make them highly suitable for
hard-turning applications, particularly in machining operations involving hardened
steels and other challenging materials. Key properties include high hardness, excellent
wear resistance, thermal stability, and chemical inertness.

The wear of ceramic materials is an issue of great industrial importance [6]
because wear leads to the frequent replacement of components [10].

The proper selection of wear-resistant materials increases the useful life of equip-
ment and considerably reduces maintenance costs [6, 10, 11]. Alumina is the most
commonly used material in applications requiring wear resistance [6, 12-15], making
this material particularly important in a wide range of applications [16]. Its various
attractive properties include high chemical inertia [13], considerable fracture tough-
ness, relatively low cost [6, 12], great hardness [6-8, 13, 16], high erosion resistance
[6-8, 15, 16], good behavior at high temperatures [6, 7, 16, 17], high electric resis-
tance, and great availability [17].

Si3sN,-TiN composites have extensive manufacturing applications because of their
first-rate mechanical and thermal properties. Conversely, they are very demanding
on machines that use conventional practices because of their superior strength and
hardness [18].

Ceramic materials like silicon nitride and silicon carbide are essential for mini-
mizing tool wear and extending the lifespan of tools, which improves machining
efficiency and cost-effectiveness. Due to their thermal stability, they can withstand
high-speed cutting temperatures without degrading or softening.
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This is important for maintaining precision in machining, ensuring dimensional
accuracy, and achieving the desired surface finish. Additionally, ceramics’ chemical
inertness reduces the risk of reactions with workpiece materials and cutting fluids.
This property not only extends tool life but also maintains machining accuracy
over long periods. Overall, these characteristics make ceramics highly beneficial for
demanding machining applications, where durability, precision, and cost-efficiency
are essential considerations.

3.3 Types of ceramic cutting tools (inserts, coatings, etc.)

Ceramic cutting tools encompass various types of inserts, coatings, and materials
designed to optimize performance in machining applications. Here’s a comprehensive
overview of each type:

1. Ceramic inserts: Ceramic inserts are cutting tool inserts made from ceramic ma-
terials such as alumina (Al,O;), silicon nitride (SizN,), or silicon carbide (SiC).
These inserts are typically used in turning, milling, and boring operations. They
offer high hardness, excellent wear resistance, and thermal stability, making
them suitable for machining hardened steels and heat-resistant alloys.

2. Coated ceramics: Coated ceramic cutting tools involve applying thin layers of ma-
terials like titanium nitride (TiN), titanium carbonitride (TiCN), or aluminum
oxide (AL,O;) onto ceramic inserts. These coatings improve tool life, enhance
wear resistance, and reduce friction during cutting processes. Coated ceramics
are effective in high-speed machining applications where prolonged tool life and
increased productivity are critical.

3. Cermet inserts: Cermet inserts are a hybrid of ceramic and metallic materials,
combining ceramic particles (typically titanium carbide TiC) with a metallic
binder (often cobalt or nickel). Cermet inserts offer a balance between hardness
and toughness, providing improved fracture resistance compared to convention-
al ceramics. They are suitable for high-speed machining of steel and cast iron.

4. Whisker-reinforced ceramics: Whisker-reinforced ceramic cutting tools incor-
porate ceramic matrices reinforced with whisker-like fibers of materials such
as silicon carbide (SiC) or alumina (AL, O;). These fibers enhance the toughness
and mechanical strength of the ceramic, improving resistance to chipping and
fracture during machining operations. Whisker-reinforced ceramics are used in
demanding applications requiring high cutting speeds and precision.

5. Composite ceramics: Composite ceramic cutting tools combine different ceramic
materials or incorporate ceramic particles within a metallic or ceramic binder.
This approach aims to optimize properties such as hardness, toughness, and
thermal stability, tailoring the tool’s performance to specific machining condi-
tions. Composite ceramics offer versatility in machining various materials while
maintaining durability and reliability.

Each type of ceramic cutting tool is engineered to address specific challenges in
machining operations, ranging from high-speed cutting to precision finishing, and
contributes to improved efficiency and cost-effectiveness in manufacturing processes.

7
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4. Performance metrics in hard turning
4.1 Key performance indicators (KPIs) for evaluating hard-turning operations

Key Performance Indicators (KPIs) for evaluating hard-turning operations
encompass several critical metrics that gauge the efficiency, quality, and effectiveness
of the machining process. Here are the essential KPIs:

1. Surface roughness (Ra): Surface roughness indicates the quality of machined sur-
faces. Lower Ra values signify smoother surfaces, crucial for functional compo-
nents. Monitoring Ra helps ensure parts meet design specifications.

1 0
R, :l—J.|z(x)|dx 1)
I

r

It’s important to note that there are numerous hardness parameters, but typically,
the parameter Ra is used as a representative measure for the surface hardness of
machined parts.

2. Dimensional accuracy: KPIs related to dimensional accuracy assess how closely
machined parts conform to specified dimensions. This metric is vital in indus-
tries requiring tight tolerances, such as aerospace and automotive.

3. Tool wear rate: Tool wear rate measures the degradation of cutting tools during
machining. It influences production costs and downtime for tool changes. Lower
tool wear rates indicate longer tool life and improved cost-effectiveness.

4. Material removal rate (MRR): MRR quantifies the volume of material removed
per unit time. Higher MRR values indicate greater productivity, but must be bal-
anced with tool life and surface quality considerations.

5.Energy efficiency: Evaluating energy consumption metrics helps optimize opera-
tional costs and environmental impact. Efficient hard-turning processes reduce
energy use while maintaining performance standards.

6. Chip control effectiveness: Effective chip control involves managing the forma-
tion and removal of chips during cutting. Proper chip control reduces tool wear,
improves surface finish, and prevents chip entanglement, optimizing machining
operations.

7. Process stability: Process stability metrics evaluate the consistency and reliability
of hard-turning operations, considering factors such as vibrations, tool deflec-
tion, and thermal effects that affect stability and need to be managed to ensure
consistent part quality and machining performance.

8. Environmental impact: Assessing the environmental impact of hard-turning op-
erations involves evaluating factors such as emissions, coolant usage, and waste
generation. Sustainable manufacturing practices strive to minimize environmen-
tal harm while upholding operational efficiency.
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These KPIs provide a comprehensive framework for evaluating and optimizing
hard-turning operations, ensuring enhanced productivity, reduced costs, and supe-
rior quality in machined components.

4.2 Impact of tool wear, surface integrity, and tool life

The impact of tool wear, surface integrity, and tool life is critical in the context of
machining processes like hard turning, influencing both productivity and the quality
of machined components.

Tool wear is a natural process that develops on cutting tools during machining
operations because of mechanical, chemical, and thermal loads. Several
wear mechanisms appear in the cutting zone due to these external effects, i.e.,
flank wear (VB) and crater wear, which were highly investigated in the past
studies [19].

Tool wear directly affects machining performance and cost-efficiency. As cutting
tools wear down during operations, their ability to maintain dimensional accuracy
and surface finish decreases. This leads to higher scrap rates, more frequent tool
changeovers, and potential delays in the production process.

Additionally, high tool wear rates result in increased machining costs due to the
need for frequent tool replacements and maintenance.

Surface integrity can be defined as the combination of mechanical, metallurgical,
topographical, thermal, and chemical features of the surface of a component obtained
from a particular manufacturing process and can be related to the performance dur-
ing the intended application of the same component [20].

Surface integrity refers to the quality of the machined surface, which includes fac-
tors such as roughness, residual stresses, and microstructural changes. When surface
integrity is poor, it can pose a risk to the performance and longevity of components,
especially in critical applications where fatigue resistance and dimensional stability
are important. It is essential to optimize cutting parameters in order to achieve the
desired surface integrity. This includes minimizing heat generation and controlling
chip formation to reduce surface defects.

Tool life has a significant impact on machining efficiency and cost-effectiveness.
Extending tool life reduces downtime for changes, improves process stability, and
decreases production costs. Key factors influencing tool life include the material
properties of the cutting tool, cutting conditions such as speed and feed rate, and
the effectiveness of cooling and lubrication systems in managing heat and wear.
With the quest for manufacturing sustainability with respect to energy, process,
material, and environment friendliness as well as the clamor for circular economy,
which emphasizes zero tolerance for waste, there is a need for a critical review of
the life cycle of machine tools employed for machining operations and product
development.

Understanding and effectively managing these factors is crucial for optimizing
machining processes. Strategies aimed at reducing tool wear, improving surface
integrity, and prolonging tool life include utilizing advanced tool materials, applying
coatings such as titanium nitride (TiN) or diamond-like carbon (DLC), and optimiz-
ing machining parameters. Coatings like TiN or DLC enhance tool hardness and
wear resistance, reduce friction, and contribute to superior surface finishes. These
approaches collectively enhance machining efficiency and contribute to cost-effec-
tiveness in manufacturing operations.
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5. Advances in ceramic cutting tool technology

5.1 Advances in ceramic cutting tool technology: Evolution of ceramic materials
for cutting tools

The technology of ceramic cutting tools has advanced significantly due to the need
for better machining capabilities in industries that require high precision, durabil-
ity, and efficiency. Ceramics like alumina (AL,O;), silicon nitride (Si3sNy), and silicon
carbide (SiC) have been continuously developed to improve their mechanical proper-
ties and broaden their use in cutting tools.

Initially, ceramics encountered challenges due to their natural brittleness and sus-
ceptibility to fracturing under mechanical stresses. However, strategic advancements
in ceramic processing techniques, such as hot pressing, sintering, and the inclusion of
reinforcing agents like whiskers or fibers, have notably enhanced their toughness and
reliability, for example, the strategy that involves the utilization of whiskers as rein-
forcements to fabricate high-strength CMCs through a composite preparation route.
Undoubtedly, this strategy relies on whisker synthesis, whisker preform forming, and
the interphase and matrix preparation processes [21].

Furthermore, advancements in ceramic technology include the development of
composite ceramics, which integrate ceramic materials with metallic binders or other
ceramics. These composites offer a balanced combination of hardness, toughness, and
thermal stability, expanding their suitability for diverse machining operations such as
hard turning and high-speed milling.

Moreover, ceramic cutting tools have evolved significantly with the adoption of
advanced coating technologies. Coatings like titanium nitride (TiN) or aluminum
oxide (Al,O;) augment tool hardness, wear resistance, and thermal insulation,
thereby prolonging tool life and enhancing machining performance.

Overall, these innovations in ceramic cutting tools underscore their increasing
significance in modern manufacturing. They contribute to heightened productiv-
ity, reduced operational costs, and improved environmental sustainability through
extended tool longevity and enhanced machining efficiency.

5.2 Innovative designs and geometry

Innovative advancements in ceramic cutting tool technology have transformed
machining capabilities by addressing challenges such as tool wear, chip control,
and surface finish in demanding applications. These developments aim to opti-
mize tool performance, extend tool longevity, and enhance overall machining
efficiency.

A notable breakthrough involves the creation of intricate tool designs tailored for
specific machining tasks. Modern designs incorporate optimized rake and clearance
angles to minimize cutting forces and heat generation, crucial for preserving dimen-
sional accuracy and surface integrity. These geometries also improve chip control,
reducing entanglement and enhancing chip evacuation from the cutting zone,
thereby boosting machining stability and surface finish (Figure 6).

Additionally, ceramic tool designs have evolved with the integration of advanced
cooling and lubrication mechanisms. Internal coolant channels and specialized coat-
ings enhance heat dissipation and reduce friction, playing a pivotal role in extending
tool life and maintaining consistent performance, particularly in high-speed machining
operations.
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Figure 6.
Basic cutting process geometry pavameters. a, - uncut chip thickness; a, - chip thickness; a, - clearance angle
(orthogonal); y, - rake angel (orthogonal).

Furthermore, innovations in ceramic tool geometries include the adoption of
cutting-edge preparations such as wavy or serrated edges. These configurations
facilitate smoother chip flow and diminish cutting forces, resulting in improved tool
durability and surface finish quality.

Moreover, the utilization of multi-phase ceramics and nanocomposite materials
has enabled the development of cutting tools with superior mechanical properties.
These advanced materials offer heightened hardness, toughness, and thermal stability,
enabling more aggressive machining parameters and enhancing overall productivity.

In conclusion, innovative designs and geometries in ceramic cutting tool technol-
ogy continue to push the boundaries of machining capabilities, offering solutions that
improve efficiency, reduce costs, and meet the growing demands of modern manu-
facturing environments.

5.3 Coatings and surface treatments to enhance tool performance

Coatings and surface treatments are essential for boosting the performance and
longevity of cutting tools, particularly in demanding machining tasks. By apply-
ing advanced coatings such as titanium nitride (TiN), titanium aluminum nitride
(TiAIN), or diamond-like carbon (DLC), tools gain enhanced wear resistance and
reduced friction. These treatments significantly extend tool life, allowing for longer
periods of operation without the need for replacement. Additionally, they contribute
to a superior surface finish quality on machined parts, which is crucial in precision
manufacturing. Ultimately, these technologies lead to increased efficiency, cost sav-
ings, and improved product quality in various industrial applications.

Titanium nitride (TiN) is often used as a coating for cutting tools due to its high
hardness and wear resistance. These coatings protect tool surfaces from abrasive wear,
reduce friction during cutting, and ultimately extend tool life and improve machining
efficiency.

Similarly, titanium carbonitride (TiCN) coatings offer enhanced performance
in high-speed machining applications by combining the wear resistance of titanium
nitride with improved toughness. TiCN coatings are especially effective in cutting
operations that require higher cutting speeds and feeds.

Diamond-like carbon (DLC) coatings represent advancements in tool surface treat-
ments. DLC coatings are exceptionally hard, have low friction, and exhibit excellent

11
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resistance to wear and corrosion. These properties make DLC-coated tools suitable for
machining abrasive materials and for extending tool life in dry-cutting conditions.

Advanced surface treatments involve integrating nanoparticles into conventional
coatings like TiN or AL,O; to create nanocomposite coatings. These coatings offer
superior hardness, thermal stability, and wear resistance compared to traditional
coatings, improving tool performance in extreme machining conditions.

Moreover, using surface treatments such as chemical vapor deposition (CVD) and
physical vapor deposition (PVD) technologies allows for precise control over coating
thickness and composition, optimizing tool performance for specific machining needs.

In conclusion, coatings and surface treatments continue to evolve, providing cut-
ting tools with enhanced properties that contribute to increased productivity, reduced
tooling costs, and improved machining quality in various industrial applications.

6. Machining strategies for hard turning with ceramics
6.1 Cutting parameter optimization

Optimizing cutting parameters for hard turning with ceramics is crucial for
efficient machining processes and achieving the desired surface finish and tool life.
Several key parameters influence the performance of ceramic cutting operations,
including cutting speed, feed rate, depth of cut, tool geometry, and cutting fluid
application (Figure7).

1. Cutting speed: Determining the appropriate cutting speed is crucial in hard turn-
ing with ceramics. Higher cutting speeds generally result in increased material
removal rates but must be balanced to avoid excessive tool wear and thermal
damage.

2. Feed rate: The feed rate directly impacts the tool’s engagement with the work-
piece. A higher feed rate can enhance productivity but may lead to increased tool
wear and surface roughness if not optimized.

3. Depth of cut: Controlling the depth of cut influences cutting forces and tool life.
Optimal depths of cut for ceramics are typically smaller compared to conven-
tional machining materials due to their brittleness and susceptibility to fracture.

4. Tool geometry: Tool geometry, including rake angle, clearance angle, and cutting-
edge preparation, significantly affects cutting forces and surface integrity. Proper
tool geometry selection can minimize cutting forces and improve surface finish.

5. Cutting fluid application: Despite ceramics being typically machined dry, some
studies suggest the controlled application of cutting fluids can mitigate tool wear
and improve surface quality under specific conditions.

In conclusion, optimizing cutting parameters for hard turning with ceramics
requires a balanced consideration of these factors to achieve desired machining out-
comes effectively. Experimental studies and computational simulations play crucial
roles in determining the optimal parameter combinations tailored to specific ceramic
materials and machining conditions.
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Cutting parameters for turning operations.

6.2 Tool path strategies for maximizing tool life and surface quality

Tool path strategies in hard turning with ceramics are crucial for optimizing tool
life and achieving superior surface quality. Several strategies focus on minimizing tool
wear and enhancing machining efficiency:

1. Constant cutting force strategy: This approach maintains a consistent cutting force
by adjusting the tool path, reducing tool wear, and ensuring predictable machin-
ing conditions.

2. Trochoidal tool path: Utilizing circular or trochoidal tool paths can distribute
wear evenly across the cutting edge, mitigating tool wear and improving surface
finish.

3. Adaptive control strategies: These strategies adjust the tool path in real-time based
on cutting conditions, reducing vibrations and optimizing cutting forces to
extend tool life.

4. Multi-step machining: Breaking down the machining process into multiple steps
with varying parameters can reduce stress concentrations and thermal gradients,
enhancing both tool life and surface integrity.

Implementing these tool path strategies requires a thorough understanding of
ceramic properties, cutting dynamics, and machining conditions. It is essential to
conduct experimental validation and computational simulations to adjust these
strategies for specific applications and materials. This ensures consistent and efficient
ceramic machining processes.

7. Sustainable aspects of hard turning with ceramics
7.1 Environmental benefits of ceramic tools over traditional methods
Ceramic tools have numerous environmental advantages over traditional

methods. This is primarily due to their exceptional durability, reduced material
consumption, and lower energy requirements. Unlike traditional cutting tools made
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from carbide or high-speed steel, ceramic tools are extremely hard and resistant to
wear, resulting in a longer tool life. This means fewer tool changes and less material
required over the tool’s lifetime. Additionally, using ceramic tools for machining
often requires lower cutting forces and energy inputs compared to conventional
methods. This reduced energy consumption leads to lower greenhouse gas emissions
and lower energy costs during manufacturing operations. Furthermore, ceramic
tools contribute to improved material utilization and waste reduction. Their ability
to maintain sharp cutting edges for extended periods minimizes material waste gen-
erated from rework and scrap, promoting more sustainable manufacturing practices.
In conclusion, ceramic tools offer significant environmental benefits and have the
potential to enhance manufacturing sustainability by optimizing resource utiliza-
tion, reducing energy consumption, and minimizing waste generation compared to
traditional tooling materials.

7.2 Energy efficiency and material savings, and waste reduction and recycling
consideration

In the realm of sustainable manufacturing, hard turning with ceramics offers
significant advantages in terms of energy efficiency, material savings, waste reduc-
tion, and recycling considerations.

Energy efficiency and material savings: Ceramic tools are characterized by high
hardness and wear resistance, resulting in longer tool life compared to traditional
materials such as carbides or high-speed steels. This extended tool lifespan reduces
the frequency of tool changes, leading to lower energy consumption during replace-
ment processes and reduced downtime. Furthermore, the use of ceramic tools in
machining processes often entails lower cutting forces and requires less energy input
due to their superior cutting properties. As a result, energy consumption per compo-
nent produced is reduced, contributing to overall energy efficiency in manufacturing
operations.

Waste reduction and recycling consideration: Ceramic tools contribute to waste
reduction through several mechanisms. Their durability and ability to maintain
sharp cutting edges for prolonged periods minimize material waste generated from
tool wear and rework. This characteristic not only reduces material consumption but
also decreases the amount of machining scrap typically produced with less durable
tooling materials. Additionally, ceramics can be recycled or repurposed after their
operational life as cutting tools. Processes such as reclaiming ceramic materials from
worn-out tools for reuse or recycling into other applications can further minimize
environmental impact and enhance resource efficiency.

8. Quality assurance and control in hard turning
8.1 Quality assurance and control in hard turning

Quality assurance and control in hard turning involve rigorous monitoring and
control of process variables, as well as meticulous inspection techniques to ensure

surface integrity and dimensional accuracy. Here are some methods and techniques
employed in this context:

14



Advancements in Hard Turning: Leveraging Ceramic Cutting Tools for Sustainable...
DOI: http://dx.doi.org/10.5772/intechopen.1007455

8.1.1 Methods for monitoring and controlling process variables

1. Cutting parameters monitoring: Continuous monitoring of cutting parameters
such as cutting speed, feed rate, and depth of cut is essential to maintain stable
machining conditions and optimize tool life.

2. Tool wear and condition monitoring: Techniques like acoustic emission sensing,
vibration analysis, and tool condition monitoring systems help detect tool wear
and predict tool failure, enabling timely tool changes to maintain machining
accuracy.

3. Temperature monitoring: Infrared thermography and embedded thermocouples
are used to monitor cutting temperatures, which impact tool wear, surface fin-
ish, and material integrity during hard-turning operations.

8.1.2 Inspection techniques for surface integrity and dimensional accuracy

1. Surface roughness measurement: Surface profilometers and coordinate measuring
machines (CMMs) are used to assess surface roughness, ensuring compliance
with specified requirements and optimizing post-machining processes
(Figure 8).

2. Roundness and cylindricity inspection: Dedicated roundness testers and CMMs
equipped with appropriate software are employed to inspect the dimensional
accuracy of cylindrical components produced through hard turning.

Figure 8.
Computerized measuring device Surtroniic 3+ from Taylor Hobson and TalyProfile software [1].
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3. Non-destructive testing (NDT): Techniques such as ultrasonic testing and eddy
current testing are utilized to detect subsurface defects and ensure component
integrity without compromising dimensional.

Implementing these methods and techniques requires a systematic approach to
quality management in hard-turning processes. Continuous improvement initiatives
based on real-time data and feedback from inspection results help optimize machin-
ing operations and enhance overall product quality.

9. Applications of hard turning with ceramic tools
9.1 Industries and sectors benefiting from ceramic tool advancements

Industries across various sectors have increasingly benefited from advancements
in ceramic tool technology, leveraging their unique properties to enhance productiv-
ity, reduce costs, and improve product quality. Here are two genuine case studies
demonstrating the application of ceramic tools in different industries:

1. Aerospace industry: The aerospace sector demands high-performance materi-
als and stringent machining tolerances. Ceramic tools have been instrumental
in machining aerospace components made from difficult-to-machine materials
such as titanium alloys and composites. For instance, Rolls-Royce, a prominent
aerospace manufacturer, has utilized ceramic cutting tools to improve efficiency
in machining turbine blades and other critical components. Ceramic tools offer
superior wear resistance and thermal stability, enabling higher cutting speeds
and reducing machining times while maintaining dimensional accuracy.

2. Medical device manufacturing: In the medical device industry, where precision
and biocompatibility are paramount, ceramic tools have become indispensable.
Case in point: Zimmer Biomet, a leading medical device manufacturer, employs
ceramic cutting tools for machining orthopedic implants made from materials
like titanium and cobalt-chromium alloys. These tools ensure exceptional surface
finish and dimensional accuracy critical for implant components, enhancing
biocompatibility and patient safety. The durability and wear resistance of ceram-
ic tools also contribute to reducing tool changeovers and associated downtime,
improving overall production efficiency.

These case studies illustrate how ceramic tool advancements are tailored to meet
specific challenges in industries requiring high precision, durability, and efficiency,
thereby driving technological innovation and economic competitiveness.

10. Challenges and future directions
10.1 Challenges and future directions
Advancements in hard turning with ceramic cutting tools require improved

tooling materials to enhance tool life and reduce costs. Future directions include
exploring nanocomposite ceramics for superior toughness and wear resistance, as well
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as developing advanced coatings to further enhance tool performance. Additionally,
integrating real-time monitoring and adaptive control systems will optimize machin-
ing parameters dynamically for sustainable and high-quality metalworking processes.
These efforts aim to consolidate ceramic tools as integral components of efficient and
environmentally responsible manufacturing practices.

10.2 Current limitations and challenges in using ceramic tools

Using ceramic cutting tools in hard turning has advantages but also presents chal-
lenges. Ceramics are brittle, prone to chipping, and require specialized equipment for
shaping and grinding. Achieving stable cutting conditions at high speeds is difficult
due to the risk of thermal damage and tool wear. Researchers are exploring advanced
ceramic compositions and coatings to enhance toughness and reduce brittleness.
These efforts are crucial for expanding the application range of ceramic tools in
metalworking.

These references provide comprehensive insights into the challenges and ongoing
research efforts related to the use of ceramic cutting tools in hard turning processes.

10.3 Future trends and innovations in hard-turning technology

Future trends in hard-turning technology are focused on improving machin-
ing efficiency, sustainability, and precision. Key advancements include the use of
advanced ceramic composites and nanomaterials to enhance toughness and wear
resistance. Research is also concentrating on developing advanced coatings and surface
treatments to increase tool durability in high-speed, high-temperature conditions.
Integrating Al and machine learning enables real-time monitoring and adaptive
control, optimizing cutting parameters, and improving machining accuracy. Additive
manufacturing is being explored to create customized tool geometries and complex
ceramic components, which enhance flexibility and efficiency in production. These
trends are addressing challenges such as tool wear and thermal damage, advancing
hard-turning capabilities for the aerospace, automotive, and medical device industries.

10.4 Potential areas for further research

Further research in hard turning with ceramic tools presents several promis-
ing areas that can advance machining capabilities, improve efficiency, and expand
application domains. Here are some potential areas for future research:

1. Advanced ceramic materials: Investigating new compositions of ceramics, includ-
ing nanocomposites and hybrid materials, to enhance toughness, wear resis-
tance, and thermal stability. This could broaden the range of materials that can
be effectively machined with ceramic tools.

2.Surface coatings and treatments: Developing advanced coatings and surface treat-
ments to improve tool life, reduce friction and wear, and enhance cutting perfor-
mance in challenging machining environments.

3. Tool geometry optimization: Exploring novel tool geometries and edge prepara-
tions tailored for specific machining conditions to minimize cutting forces, tool
wear, and improve surface finish.
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4. Process monitoring and control: Integrating advanced sensors, real-time monitoring
techniques, and machine learning algorithms for predictive maintenance, adap-
tive control of cutting parameters, and optimization of machining processes.

5. Additive manufacturing (AM) applications: Utilizing additive manufacturing
techniques to produce ceramic tools with complex geometries and customized
designs, optimizing tool performance, and reducing lead times.

6. Environmental and sustainability aspects: Investigating the environmental im-
pact of ceramic tool manufacturing and machining processes, with a focus on
sustainability through material recycling, waste reduction, and energy-efficient
machining strategies.

7. Multi-scale modeling and simulation: Developing comprehensive multi-scale
models and simulations to predict tool behavior, optimize process parameters,
and understand the fundamental mechanisms governing ceramic tool wear and
fracture.

8. Applications in emerging industries: Exploring new applications of hard turning
with ceramic tools in emerging industries such as renewable energy (e.g., wind
turbines), biomedical devices, and electronics manufacturing.

9. Integration with industry 4.0 technologies: Leveraging Industry 4.0 concepts such
as digital twins, IoT (Internet of Things), and cyber-physical systems to create
smart machining environments and enhance overall manufacturing efficiency
and quality.

The research in these areas has the potential to overcome current limitations in
hard turning with ceramic tools, drive technological innovation, and contribute to
sustainable and high-performance machining practices across various industrial sec-
tors. By focusing on these areas, researchers can address key challenges and advance
the capabilities of ceramic tools, making them more versatile, efficient, and reliable in
demanding machining applications.

10.5 Cutting-edge research

In this next section, we will present a comprehensive overview of various research
projects investigating advanced studies on the wear mechanisms of ceramic tools
utilized in metal machining. These sources showcase the most recent advancements
and perspectives on how ceramic tools function in different machining conditions,
providing insights into their longevity, wear characteristics, and overall efficiency.

The paper “The critical raw materials in cutting tools for machining applications”
reviews advancements in cutting tools under extreme conditions, emphasizing
ceramic alternatives to tungsten carbide. It covers hybrid machining processes, CRM
substitutes, tool recycling, and Industry 4.0 applications to enhance tool longevity
and sustainability, aiming to reduce reliance on critical raw materials like tungsten
and cobalt [22].

The review “High-performance coatings for cutting tools” highlights the evolu-
tion of hard coatings for cutting tools, noting that 85% of cemented carbide tools
are coated. It emphasizes the role of nanostructured PVD coatings in enhancing
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efficiency and productivity. The paper underscores ongoing innovation in coating
materials and tool design to meet growing industry demands [23]. The study “Tool
wear mechanisms in the machining of steels and stainless steels” reviews tool wear
mechanisms in machining, focusing on ceramics’ role in metalworking. It identifies
attrition as a significant wear mechanism for ductile materials like steel, with addi-
tional mechanisms such as abrasion and diffusion. The research utilizes SEM and EDS
analysis to enhance understanding of tool wear in various cutting conditions [24].
The study “A review on cutting of industrial ceramic materials” reviews advance-
ments in non-conventional and hybrid machining techniques for ceramics, highlight-
ing their excellent high-temperature properties and hardness. It addresses challenges
related to ceramics’ brittleness and discusses recent innovations aimed at improving
machinability and surface integrity, enhancing their precision, and their application
in manufacturing industries [3]. The research study “Mathematical Modeling of the
Bearing Ratio Curve Rmr (50% Rz), through Investigation of the Effect of Process
Parameters in Hard Turning of Steel C55 (DIN) with Mixed Ceramics MC2 (AL,O;+
TiC).” develops a mathematical model using design of experiment methods to analyze
hard turning of Steel C55 with mixed ceramics MC2 (AL,O; + TiC). By predicting the
bearing ratio curve parameter Rmr and using ANOVA for validation, the study pro-
vides insights into how process parameters impact surface finish, leveraging ceramics
to enhance machining consistency and surface quality [1].

11. Conclusion

The introduction to hard turning establishes its critical role in modern met-
alworking, highlighting ceramic cutting tools as pivotal for achieving efficient
machining processes. This chapter sets clear objectives for exploring the fundamen-
tals, properties, and advancements of ceramic tools in hard-turning applications.
Fundamentals delve into the definition, characteristics, and comparative analysis of
hard turning versus traditional methods, addressing both advantages and challenges.
The section on ceramic cutting tools provides an extensive overview of materials
used, their specific properties conducive to hard turning, and various types such
as inserts and coatings. Performance metrics crucial for evaluating hard-turning
operations, including key indicators like tool wear, surface integrity, and tool life, are
examined. Advances in ceramic tool technology trace their evolution, emphasizing
innovative designs, geometries, and surface treatments aimed at enhancing perfor-
mance. Strategies for optimizing cutting parameters and maximizing tool life are
described, supported by practical examples and case studies demonstrating effective
implementation. Environmental sustainability considerations highlight the benefits
of ceramic tools over traditional methods, including energy efficiency, material
savings, and waste reduction strategies. Quality assurance methods for monitoring
process variables and ensuring dimensional accuracy are discussed, underscoring
the precision demanded in hard-turning operations. Industries benefiting from
ceramic tool advancements are identified through specific case studies, illustrating
successful implementations across various applications. Current challenges and
future directions in ceramic tool technology explore limitations, future trends,
innovations, and potential research areas to enhance hard-turning processes. The
conclusion synthesizes key insights, emphasizing the transformative role of ceramic
tools in shaping the future of metalworking, with a focus on ongoing advancements
and their potential impact on the field.
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12. Final thoughts

Ceramic cutting tools are critical for the future of metalworking, providing
unparalleled benefits in modern manufacturing. Their extreme hardness, thermal
stability, and resistance to wear are essential for machining tough materials such as
aerospace alloys and advanced composites. They deliver superior finishes, longer
tool life, and help reduce environmental impact through energy efficiency and
waste reduction. Looking ahead, the potential for hard turning with ceramic tools is
promising. Ongoing advancements in ceramic materials, coatings, and tool designs
will improve performance and application versatility. Additive manufacturing will
allow for the production of complex ceramic tools tailored to specific tasks. The
integration of AI and machine learning in process control will enhance efficiency
and accuracy. Despite challenges such as brittleness and high costs, ongoing research
aims to develop tougher ceramics and cost-effective production methods. Industry
4.0 technologies offer opportunities for smarter machining environments. Overall,
ceramic tools are poised to revolutionize metalworking and drive sustainable, high-
performance operations globally. Collaborative efforts in research and technology
promise a bright future, ensuring that ceramic tools continue to innovate and shape
the manufacturing landscape.
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Abstract

This chapter provides a comprehensive review of light-mediated processes
in advanced ceramics, emphasizing their role in developing new materials with
enhanced properties. The discussion covers photocatalysis for environmental
remediation and energy production, ceramic materials in photovoltaic cells for
sustainable energy, and the role of ceramics in photonic devices, such as wave-
guides, lasers, and optical fibers. The analysis also includes ceramic applications
in laser technology, focusing on their optical properties, and biocompatible and
bioactive ceramic materials in biotechnology for drug delivery, sensors, and therag-
nosis. Additionally, the chapter examines how light-mediated processes contribute
to sustainability and the circular economy by enhancing material properties at the
nanoscale and promoting energy-efficient production and recycling methods. The
aim is to highlight the transformative potential of light interactions in ceramics,
driving advancements in energy efficiency, environmental protection, and medical
technology, and inspiring future research and applications in these areas.

Keywords: multifunctional ceramics, photonics, nanotechnology, energy ceramics,
biomaterials, emerging technologies

1. Introduction

Light-mediated processes in advanced ceramics are recognized as a main pillar of
renewable technologies, which can strongly contribute to fulfilling the roadmap and
the Strategic Energy Technology Plan (SET Plan) targets [1]. These processes are also
aligned with the United Nations and European Sustainable Development Objectives
(SDGs) [2].

The claim for advanced materials with needed economic feasibility, cost-
efficiency, and higher tolerances has tiled the way for new multifunctional ele-
ments for fabrication. This is achieved by using enhanced production materials and
technologies. Advanced materials, intended to meet specific requirements through
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designed properties, are an area of enormous importance for many researchers from
the material science discipline. These compounds are typically traditional materials
whose properties have been enhanced and include nanomaterials, semiconductors,
and biomaterials.

Ceramic materials based on light-mediated processes have attracted great inter-
est from researchers after demonstrating the possibility of creating multifunctional
ceramic devices. Numerous research developments in the literature focus on acquiring
electrical [3], optical [4], and luminescent [S] properties to release their perspective
in various technological applications.

This chapter aims to present a thorough review of light-mediated processes
in advanced ceramics, emphasizing their role in developing new materials with
enhanced properties. Initially, recent advances in photocatalytic materials, such as
titanium dioxide (TiO,), are shown. The incorporation of photoactive additives in
different materials that optimize the use of light for disinfection treatments is very
attractive when it comes to guaranteeing the quality of life of the people in such types
of buildings. These additives should react with natural or artificial light, without the
need for ultraviolet (UV) radiation, so that their bactericidal and fungicidal proper-
ties act, as it happens in other antibacterial treatments. Their antibacterial activities
are directly related to a photoredox-catalyzed process that produces free reactive
oxygen species (ROS), succeeding in the induction of oxidative stress and ultimately
resulting in bacterial death.

Subsequently, the chapter is focused on the advances in the development of
alternative wide band gap absorbers with low-temperature processing. These materi-
als are inspired by the very recent developments of quasi-one-dimensional (Q1-D)
Sb,(S,Se)s, with applications for advanced photovoltaics (PV) thoughts such as
tandem and semitransparent devices, thanks to the exceptional combination of opti-
cal, electrical, and structural properties.

Afterward, a perspective on current advances and emerging challenges in photon-
ics is also evaluated, where lanthanide ions, such as Eu**, Tb*, Er**, and Yb*, play
a crucial role in the development of multifunctional materials with luminescence
properties. Then, the laser innovation process aims to address issues about improving
the functional performance of various devices, including ceramic surfaces. Besides,
light processes for biological applications are described focusing on recent advances
in photothermal and photodynamic therapies. Finally, the chapter also highlights the
importance of sustainability in the production of advanced ceramic materials.

2. Pioneering photocatalysis in ceramics

The fusion of art and science has rarely been as transformative as in the field of
ceramics enhanced through photocatalysis. This section delves into the pioneering
advancements that have integrated photocatalytic properties into ceramic materials,
ushering in a new era of functionality and innovation. Historically, ceramics have
been celebrated for their esthetic and utilitarian roles, gracing ancient pottery and
modern-day architectural marvels alike. However, the introduction of photocatalysis
has revolutionized their applications, extending their capabilities far beyond tradi-
tional boundaries.

Photocatalysis, a process in which light energy catalyzes chemical reactions,
has found a powerful ally in ceramics. These materials, known for their durabil-
ity and versatility, have become a canvas for cutting-edge scientific endeavors [6].
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The connection of these fields promises not only to enhance the properties of ceram-
ics but also to address pressing environmental and technological challenges. From
self-cleaning surfaces to air purification and antibacterial functionalities, photo-
catalytic ceramics are paving the way for smarter and more sustainable solutions in
several industries [7].

This part of the chapter will explore the key milestones in the development of
photocatalytic ceramics, tracing their journey from experimental concepts to practi-
cal implementations. It will highlight the contributions of visionary researchers who
have pushed the boundaries of what ceramics can achieve. By examining the funda-
mental principles of photocatalysis and the unique properties of ceramic materials,
it will uncover how these two domains synergize to create materials that are not only
esthetically beautiful but also highly functional.

2.1 Advances in antibacterial ceramics

Bactericidal ceramics that leverage photocatalysis have emerged as promising
materials in the fight against microbial contamination. These ceramics are typically
embedded with photocatalytic materials like titanium dioxide (TiO,), which, upon
exposure to light, generate reactive oxygen species (ROS) capable of degrading
organic pollutants and killing bacteria [8, 9].

2.1.1 Photocatalytic mechanism

The primary mechanism for ROS generation involves the absorption of light by
the photocatalyst, which excites electrons and creates electron-hole pairs. These pairs
react with water and oxygen to form ROS, such as hydroxyl radicals and superoxide
anions, which possess strong oxidative properties capable of breaking down microbial
cell walls and degrading organic matter [10].

Many materials, such as tin oxide (SnO,) and titanium dioxide, can generate ROS
when exposed to light, especially UV light. This process involves the absorption of
photons, which excites electrons from the valence band to the conduction band,
leaving behind holes in the valence band. Additionally, ROS can be generated through
chemical reactions, such as the Fenton reaction, where hydrogen peroxide reacts with
ferrous ions to produce hydroxyl radicals [11]. Applying electricity to certain materi-
als can also induce electrochemical reactions that produce ROS.

2.1.2 Mechanism of bacterial killing

The bactericidal action of ROS operates through several interconnected mecha-
nisms that ultimately lead to bacterial cell death. One primary mechanism is mem-
brane damage, where ROS induce lipid peroxidation, disrupting the bacterial cell
membranes [8]. This disruption compromises membrane integrity, causing leakage of
cellular contents and resulting in cell death.

Additionally, ROS oxidize essential proteins, disrupting their function. This
oxidative damage affects vital bacterial processes, such as enzyme activity, nutrient
transport, and cell signaling, further incapacitating the bacteria [12, 13]. Finally,
ROS can inflict oxidative damage on DNA, leading to mutations and hindering DNA
replication and transcription. This damage prevents the bacteria from reproducing
and repairing itself, culminating in bacterial death. Through these combined actions,
ROS effectively neutralize bacterial threats by attacking multiple cellular targets [14].
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2.1.3 Advantages of ROS for antimicrobial activity

The use of ROS for antimicrobial activity offers significant advantages. First, ROS
exhibit a broad-spectrum effectiveness, targeting a wide range of bacteria, including
both Gram-positive and Gram-negative species [15]. This wide applicability makes
ROS a versatile tool in combating diverse bacterial infections.

Second, bacteria are less likely to develop resistance to ROS compared to tradi-
tional antibiotics. This characteristic is particularly valuable in the current medical
landscape, where antibiotic-resistant strains pose a significant challenge. The ability
of ROS to attack multiple cellular targets simultaneously reduces the likelihood of
resistance development, ensuring the continued efficacy of ROS-based antimicrobial
methods [16]. These advantages underscore the potential of ROS as a powerful and
reliable alternative in the fight against bacterial infections.

2.1.4 Applications

The antimicrobial properties of ROS have been harnessed in various practical
applications to enhance public health and safety. In the medical field, ROS-generating
materials are applied as coatings for medical devices, effectively preventing bacterial
colonization and infections [17]. This innovation is crucial in reducing hospital-
acquired infections and improving patient outcomes.

In water treatment systems, photocatalytic materials are employed to disinfect
water by killing harmful bacteria, ensuring the provision of safe and clean drink-
ing water. These materials leverage the power of light to generate ROS, which then
eliminate microbial contaminants efficiently [9].

Moreover, surfaces coated with ROS-generating materials offer continuous dis-
infection, providing an additional layer of protection in hospitals and public spaces.
This continuous antimicrobial action helps maintain a hygienic environment, reduc-
ing the spread of infectious diseases. For optimal antibacterial efficacy, it is essential
to select appropriate materials and methods that maximize ROS generation and
ensure effective interaction with bacterial cells. By tailoring these parameters, the use
of ROS can be fine-tuned to meet specific needs in various applications, enhancing
their overall effectiveness and reliability.

2.2 Perspectives

Antibacterial ceramics offer significant advantages. First, they exhibit broad-spec-
trum effectiveness, targeting a wide range of bacteria, including both Gram-positive
and Gram-negative species. Second, bacteria are less likely to develop resistance to
these materials compared to traditional antibiotics, as they attack multiple cellular
targets simultaneously, ensuring continued efficacy. These advantages highlight the
potential of antibacterial ceramics as a powerful and reliable alternative in combating
bacterial infections in various settings, such as hospitals, kitchens, and bathrooms.

3. Next-generation photovoltaic ceramic solutions

Solar photovoltaic technology has been gaining prominence in global energy
production in recent years. Despite the dominance of silicon and halide perovskites,
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CH;NH;PbX; (X =1, Br, or Cl), in the field of photovoltaic solar cells, due to their high
efficiency (26.1% in both cases) and low production costs, ceramic materials could
eventually play a crucial role in the race to surpass or complement these technologies
[18]. Historically, the most popular ceramic alternatives have been cadmium indium
gallium selenide (CIGS), cadmium telluride (CdTe), and copper zinc tin sulfide
(CZTS). These either struggle to compete with the technologies due to the high cost
of raw materials (as is the case with CIGS and CdTe) or lack sufficient efficiency to be
economically feasible (CZTS) [19].

To address these challenges, recent developments have introduced new ceramic
materials that are cost-effective to produce and exhibit significantly enhanced
performance. These advancements render these ceramics feasible alternatives or
integral components in the development of tandem photovoltaic solar cells, thereby
improving the efficiency of current systems [20]. In this way, oxide, sulfide, or
selenide absorbers rich in materials abundant in the Earth’s crust, such as CuSbS,,
CUZSH83, CUQZIISHSE4, CquSez, CU20, SHS, FeSz, szSg, BizS3Sb2(S,S€)3, and szSE3,
have been investigated as substitutes for thin-film solar cells that are efficient, afford-
able, eco-friendly, and durable solar cells [20, 21]. Out of all the possibilities, binary
compounds present great potential for future development because of their higher
simplicity and scalability.

3.1 Antimony chalcogenides and selenides

Compounds Sb;S;, Sb;Ses, and Sb;(S,Se); naturally occur as the mineral stibnite,
featuring an orthorhombic structure and belonging to the Pnma space group [18, 20,
22-24]. The Sb,X5 (X = S or Se) structure is characterized by X-Sb-X chains running
along the c-axis (ribbons). Consequently, these compounds possess a crystal structure
composed of one-dimensional (1D) ribbons formed from Sb4Xs units, with the ribbons
held together by weak X=X interactions. Sb,S; and Sb,Se; present 2.2 eV and 1.7-1.8 eV
band gaps, respectively, with an absorption coefficient > 10* cm™ in the visible solar
spectra [23]. However, the main drawback of antimony sulfoselenide solar cell materials is
their atypical intrinsic defects caused by the low symmetry of their near one-dimensional
crystal structure. This defectiveness results in a substantial voltage deficit that constrains
their maximum power conversion efficiency [18]. Low-dimensional crystal-structural
(LDCS) materials exhibit electronic properties, such as conductivity and charge mobility,
which vary with direction. Consequently, a good alignment between the thin-film layers
and the substrate is crucial for optimizing charge transport efficiency [20].

3.2 Bismuth and tin sulfides

Bi,S; is naturally found as the mineral bismuthinite, with an orthorhombic
structure and a space group Pmcn [18]. Bi,S; presents a 1.3 eV band gap and an
absorption coefficient of near 10> cm™ in at 600 nm. The Bi,S; has a lower energy in
the conduction band compared to those in the antimony ones, which is less efficient
for electron injection into the buffer layer [18, 25]. As shown in Figure 1, despite it
shows lower efficiency compared with the other materials for the common thin-film
solar cells, it also seems that good results are being achieved using this material for
dye-synthetized solar cells (DSSCs).

Similar to the antimony compounds, SnS has an orthorhombic crystal structure
inthe Pnma space group, where the unit cell comprises double layers stacked along

27



Advanced Cevamics Materials — Emevging Technologies

12

bt
(=]
1

—m—Sbse,
Sb,S, /'.
$b(S.8¢); M

§ 84 Cu,0 j/
St
B, —4— SnS
2 69 |—e—Bis,
E 4
m -
24
0-

—7Tr + r ~ r - r 1 1 - 1 r °t T 1T 7
2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Year

Figure 1.
Record efficiencies per year for Sb,Se;, Sb,S;, Sb,(S,Se); Cu,0, SnS, and Bi,S;.

the a-axis with weak van der Waals-like coupling, and each atom in the layers forms
covalent bonds with three surrounding atoms [26, 27]. SnS exhibits a direct band gap
of 1.3 eV and an indirect band gap of 1.0 eV, along with an absorption coefficient that
surpasses 10* cm™ in the visible light spectrum. Defect calculations for this material
indicate that its p-type behavior is due to the facile creation of tin vacancies (Vs,),
which act as hole acceptors. As previously mentioned, the crystal orientation of LDCS
is vital for achieving high efficiency [27]. Also, different binary phases can coexist
depending on the preparation conditions, affecting the absorber material’s proper-
ties and efficiency. Moreover, alterations in stoichiometry can result in a variation
that produces a change in the conductivity type, resulting in either p-type or n-type
behavior [19].

3.3 Cuprous oxide

Cuprous oxide (Cu,0) has a cubic crystal lattice where each oxygen atom is sur-
rounded by four copper atoms, and each copper atom is linked to two oxygen atoms
withina Pn3m space group [28]. Cu,0 is a p-type semiconductor with a wide direct
band gap of 2.0-2.4 eV. It features excellent mobility, affordability, a long minority
carrier diffusion length, and a significant absorption coefficient in the visible spec-
trum (near 10° cm™?) making it suitable for solar cell devices, especially for tandem
solar cells (like Sb,S;). Additionally, Cuand CuO impurities seem to play a very
important role in achieving good efficiency [29].

3.4 Perspectives

Although there are other series of highly promising compounds in this field,
these ceramic binary compounds will generate significant scientific interest in the
coming years. This attention is not only due to their simplicity and high stability,
which reduce manufacturing costs but also because of the projected improvements
in efficiency that are currently being achieved and are expected to continue in the
future.
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4. Photonics: Shaping the future of multifunctional ceramics

The field of photonics, which involves the generation, manipulation, and detec-
tion of light, has experienced significant advancements in recent years, profoundly
impacting the development and applications of various materials. Among these
materials, multifunctional ceramics have benefited greatly from these photonic
advancements. This section explores the recent progress in photonics as applied to
multifunctional ceramics, highlighting key examples to illustrate these developments
and their broader implications.

4.1 Optical properties of lanthanide-doped ceramics

One of the major advances in photonics for multifunctional ceramics is the
enhancement of luminescent properties. Lanthanide ions, such as Eu**, Tb*, Er*,
and Yb*, are known for their sharp emission lines, long luminescent lifetimes, and
high quantum yields, which make them ideal for various applications, including
light-emitting diodes (LEDs), organic LEDs (OLEDs), and luminescent thermom-
etry, among others. Lanthanide ions exhibit distinct electronic transitions within the
4f orbitals, resulting in characteristic emission spectra. For example, Eu** ions are
well known for their red emission and site-selective properties, which are widely used
in display technologies and lighting [30]. Tb** ions, on the other hand, emit green
light and are utilized in phosphors for cathode-ray tubes (CRTs) and X-ray imaging
systems (e.g., oxysulfide Gd,0,S:Tb) due to their high luminescence efficiency and
fast response time, providing clear and detailed images [31].

4.1.1 LEDs or OLEDs? Key diffevences and applications

As previously introduced, light-emitting diodes (LEDs) and organic light-emitting
diodes (OLEDs) are two prominent applications of lanthanide-doped ceramics. LEDs
are semiconductor devices that emit light when an electric current passes through
them [32]. They are known for their energy efficiency, long lifespan, and robust-
ness. Materials, such as the yttrium aluminum garnet doped with trivalent cerium
ions (YAG:Ce®), are commonly used in white LEDs, where the ceramic phosphor
converts blue LED light into white light through a combination of blue, green, and
red emissions [33]. Specifically, Ce’* ions are excellent for this application due to their
ability to absorb blue light and re-emit it as a broad spectrum that appears white to
the human eye. Additionally, phosphors doped with Eu** can emit intense blue or
green light, further enhancing the color quality and efficiency of LEDs by providing
specific wavelength emissions [33].

In contrast, OLEDs are based on organic compounds that emit light in response to
an electric current. They offer advantages like flexible displays, wider viewing angles,
and higher contrast ratios compared to LEDs. Lanthanide complexes can be incorpo-
rated into OLEDs to achieve specific emission colors and improve device efficiency.
For instance, OLEDs utilizing Eu** complexes can produce high-quality red emission,
which significantly enhances the color gamut of displays by providing a vivid red that
is difficult to achieve with other materials. However, OLEDs typically have a shorter
lifespan and are more susceptible to moisture and oxygen degradation compared to
LEDs. This susceptibility is a significant drawback in applications where durability
and longevity are critical [32].
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Despite these differences, both technologies leverage the unique properties of
lanthanides to enhance their performance. The choice between LEDs and OLEDs
ultimately depends on the specific requirements of the application, balancing factors,
such as durability, efficiency, display quality, and color rendering.

4.1.2 Luminescent nanothermometry

Luminescent nanothermometry is an emerging application of lanthanide-doped
ceramics, leveraging their temperature-dependent luminescent properties. This
technique involves measuring temperature changes based on the variations in lumi-
nescence intensity, emission wavelength, or lifetime of lanthanide ions. It is particu-
larly valuable in biomedical applications, where precise and non-invasive temperature
monitoring is crucial [34].

Significant advancements in luminescent nanothermometry have been made,
particularly in the development of near-infrared (NIR) emitting nanothermometers
and upconversion nanoparticles (UCNPs). Common UCNPs are composed of a host
crystal such as metal fluorides, or ceramics based on oxides, phosphates, and vana-
dates doped with lanthanide ions, either individually or in combinations [35].

For example, Er’*/Yb** co-doped ceramics can serve as effective luminescent
nanothermometers. These materials exhibit upconversion luminescence, where the
emission intensity ratio between two bands varies with temperature. Such properties
allow for accurate temperature measurements at the nanoscale, essential for monitor-
ing intracellular processes and improving hyperthermia cancer treatments, as exem-
plified by L.F. Dos Santos et al. [36].

Furthermore, integrating luminescent nanothermometers with drug delivery
systems has led to multifunctional hybrid materials that enable simultaneous tem-
perature sensing and controlled drug release, highlighting their potential in precision
therapeutic applications [37].

4.2 Nonlinear optical properties

The nonlinear optical properties of multifunctional ceramics have also been
a focus of recent photonic research. Nonlinear optics involves the interaction of
intense light with materials, leading to phenomena, such as frequency doubling,
self-focusing, and optical solitons. Ceramics with enhanced nonlinear optical
properties are crucial for applications in laser technology, optical switching, and
signal processing [38].

For example, lithium niobate (LiNbO;) ceramics are renowned for their strong
nonlinear optical coefficients, making them ideal for frequency conversion applica-
tions, such as second-harmonic generation (SHG). The material’s wide transparency
range, from the visible to the infrared spectrum, coupled with its high electro-optic
and acousto-optic coefficients, further enhances its utility in various photonic appli-
cations. Advances in the fabrication of domain-engineered LiNbO; ceramics have led
to improved phase-matching conditions, significantly increasing the efficiency of
nonlinear optical processes [39].

Domain engineering techniques, such as electric field poling, allow for the cre-
ation of periodically poled lithium niobate (PPLN) structures, which optimize the
quasi-phase matching (QPM) conditions. This innovation enables efficient frequency
doubling of laser light and facilitates the generation of new wavelengths not easily
accessible with other materials [40].
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4.3 Perspectives

Continued research and innovation in photonics are expected to drive further
technological progress, enabling new applications like high-efficiency photonic sen-
sors and advanced light-manipulating devices, while also enhancing the performance
of existing technologies. This convergence not only showcases the synergy between
material science and optical engineering but also paves the way for next-generation
devices and systems. For instance, we can anticipate the development of highly sensi-
tive diagnostic tools in biomedicine, more efficient energy harvesting systems, and
sophisticated environmental sensing technologies.

5. Laser innovations in ceramic engineering

Laser processing has garnered significant attention for its ability to create functional
surface patterns. The number of review articles is increasing due to the significant
advancements in this field [41]. This non-contact method employs high-energy laser
ablation to remove materials without the need for molds or masks. It offers numerous
advantages, including precise results, simple operation, excellent control, adaptability
to various materials, reproducibility, and sustainability. Because of its exception-
ally high energy density, which exceeds the damage limits of most compounds, laser
processing is capable of treating nearly all materials, including metals, semiconductors,
glass, and polymers. By modifying variables such as wavelength, pulse width, pulse
rates, and scanning speed, the surface structure can be readily controlled. Furthermore,
advances in ultrafast lasers, like picosecond and femtosecond variants, enable the cre-
ation of intricate surface patterns, such as micropillars, cavities, and porous structures,
as well as multiscale structures ranging from large to nanoscale dimensions.

5.1 Modern laser processing techniques for functional surface pattern

Several laser processing technologies exist, each suited for specific applications.
The most frequently mentioned techniques in the literature include:

* Direct laser ablation (DLA): This method efficiently removes materials using
laser energy to create micro/nanostructures without the need for molds. It has

been enhanced by innovations, such as Laser-induced plasma micromachining
(LIPMM) and double-pulse laser ablation (DPLA) [42].

* Direct laser interference patterning (DLIP): This technique leverages the interfer-
ence of laser beams to create periodic, three-dimensional (3D) structures that
can be controlled. This method is suitable for both large-scale and nanoscale
processing [43].

* Pulsed laser deposition (PLD): Utilizing a high-intensity laser to create a plasma
plume for material deposition, this method allows for control over surface mor-
phology and composition, although achieving uniformity can be challenging [44].

o Selective laser melting (SLM): This technique is a 3D printing process that uses a
laser to melt and sinter metal powder layer by layer to create metal or ceramic
parts. This technique builds complex geometries with precise control of material
properties [45].
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5.2 Laser-processed functional surface structures

A variety of structures can be achieved through the processing methods outlined
earlier. These are extensively cataloged in the referenced review article [46] and sum-
marized below:

* Laser-induced periodic surface structures (LIPSS): Laser-induced surface periodic
structures (LIPSS): These are nanoscale patterns that form on the surfaces of
materials when irradiated with ultrafast laser pulses. These periodic structures
are the result of interference between laser light and surface electromagnetic
waves. LIPSS can improve surface properties, such as wettability, friction, opti-
cal or magnetic properties.

* Microchannels or microgrooves: Created through direct laser ablation, these
structures are crucial for fluid transport in confined spaces. They are widely
used in devices, such as microcoolers, microreactors, microfuel cells, and
microfluidic chips due to their large surface area, compact size, and efficient flow
distribution.

* Microhole structures: Typically produced by direct laser ablation, these structures
are widely used in many fields. The dimensions and surface morphologies of
the microholes are closely related to laser parameters, such as fluence and pulse

width.

* Micropillars: These structures are tiny pillar-like formations produced on the sur-
face of a material using advanced laser fabrication techniques. These structures
have applications in a variety of fields, such as optics, electronics, and biology,
due to their ability to manipulate light, electrical signals, and biological interac-
tions on a microscopic scale.

* Porous structures: Surface porous structures created by laser ablation are patterns
on a material resulting from removing material with laser pulses, forming a sur-
face with high specific area and numerous micropores. These structures enhance
heat transfer and modify wettability.

* Hierarchical structures: These structures consist of complex multilevel patterns
in a material that combine micro- and nano-sized features. These structures
improve properties, such as adhesion, wettability, heat transfer, and optical
properties (Figure 2).

LIPSS Microchannels Microhole Micrapillars Porous Hierarchical

Figure 2.
Scanning electron microscopy (SEM) images of the most common laser-created functional surface structures.
Adapted with permission from refevence [47].
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5.3 Advanced surface structures and their uses

With the advancement of the laser techniques discussed earlier, a wide range of
macro-, micro-, and nano-scale surface structures have been designed and fabricated
to enhance the functional performance of various devices. These structures can be
applied in numerous functional areas, including optical, superhydrophobic, elec-
tronic, tribological, and biomedical applications. This section delves into the primary
optical applications of laser-processed surfaces, focusing on two main categories: light
trapping and antireflection structures, and surface coloring structures. Additional
optical applications and their processing characteristics are reviewed comprehen-
sively by Wang et al. [47].

In direct connection with Section 3, it must be emphasized that light-trapping
structures like microcones or micropillars enhance solar photovoltaic efficiency
by increasing light absorption. For example, Nayak ez al. [48] used femtosecond
lasers to create effective light traps on silicon, boosting the efficiency up to 14.2%
with uniform micropillar arrays, and Zhao et al. [49] achieved a 50% efficiency
increase by creating LIPSS on SIGaAs wafers. In addition, laser processing also
creates antireflective surfaces for solar, aerospace, and military applications,
improving optical device efficiency. Challenges include optimizing these struc-
tures, especially on curved surfaces, and maintaining performance across diverse
conditions.

Alternatively, surface coloration manipulates light reflection, scattering, interfer-
ence, or diffraction on microscopic or nanoscopic scales, giving materials like metal
or silicon specific colors. Common applications include displays, anticounterfeiting,
and encryption [50]. Laser-induced periodic surface structures (LIPSS) are crucial
for creating structural color by acting as diffraction gratings under white light.
Studies, as those reported by Vorobyev and Guo [51] on aluminum, Li et al. [52], and
Liuet al. [53] on stainless steel and copper, demonstrate LIPSS’ potential for color-
ation. However, challenges remain in optimizing parameters like incident light angle
and scanning intervals to control color output, especially in liquids, where uniformity
and vibrant colors are observed, but precise control is still evolving. In the other
work, Rico et al. [54] colored ceramic surfaces by laser-induced decomposition of
coordination complexes forming surface plasmon resonance (SPR) structures. These
structures are similar to LIPSS-type structures, except that the SPR structures have a
random structural ordering.

5.4 Perspectives

Laser processing technologies offer a highly controllable and adaptable method
for creating functional surface structures with applications in optics, thermal
management, electronics, tribology, biomedical fields, and superhydrophobic
surfaces. Despite their advantages, such as high precision, the ability to work at
micro- and nanoscales, flexibility, and environmental friendliness, they still face
significant challenges. These challenges include the need for more robust theories on
the formation mechanisms of structures, morphology control, improving durability,
and achieving the integration of multiple functions into a single structure. Future
research should focus on better understanding of the laser-material interaction
processes, developing precise theoretical models, creating methods to ensure stabil-
ity and durability of the structures, and advancing the industrialization of these
technologies for mass production.
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6. Ceramics applied to biotechnology and nanomedicine

Ceramic compounds are experiencing significant growth in their application
within biotechnology and nanomedicine. This expansion is due to their unique prop-
erties that include biocompatibility with the human body, high mechanical strength,
optical properties, chemical stability, and the ability to be designed at nanometric
scales. In this section, the properties of ceramics for biological applications will first
be described, followed by their applications in biotechnology and nanomedicine, and
finally, the prospects facing bioceramics.

6.1 Ceramic properties for biological applications

The biocompatibility of bioceramic materials has been extensively studied,
highlighting their seamless interaction with living tissues without causing adverse
reactions or rejection [55, 56]. This compatibility is crucial in medical implants,
particularly in orthopedic and dental applications, where seamless incorporation with
bone structures is essential.

The optical properties of ceramics play a crucial role in biotechnology and
nanomedicine. Their high transparency in the infrared spectrum, as seen in
ceramics such as zirconium oxide, facilitates the clear visualization of tissues for
medical imaging applications [57]. Certain ceramics exhibit fluorescence capabili-
ties, allowing real-time observation of biological processes at the cellular level,
crucial for biomedical research and targeted therapies [58—-60]. Ceramics also
serve as photothermal agents in therapies, converting light into heat to selectively
destroy cancerous cells. Additionally, they act as photosensitizers in photody-
namic therapy, facilitating the production of reactive oxygen species to effectively
combat malignancies [59]. These optical properties are crucial for the develop-
ment of highly sensitive optical biosensors, facilitating the accurate detection
of biomolecules and pathogens in biological samples, thus advancing diagnostic
applications [61].

6.2 Biotechnology and nanomedicine

The significance of ceramic biomaterials in biotechnology and nanomedicine
has substantially increased due to their unique properties, especially their optical
characteristics.

In biotechnology, ceramic biomaterials are primarily used in implants and pros-
thetics due to their low thermal conductivity, which minimizes damage to surround-
ing tissues, and their advanced optical properties for monitoring and diagnosis.
Ceramics like oxygen-deficient zirconia or titania are ideal for medical imaging
applications, offering clear and precise tissue visualization [57].

In nanomedicine, the optical properties of ceramics are utilized in nanoparticles
for photothermal and photodynamic therapies. In photothermal therapy, nanopar-
ticles generate heat when exposed to light, destroying cancerous cells without
harming healthy tissues. In photodynamic therapy, they act as photosensitizers,
producing reactive oxygen species to destroy malignant cells. Conversely, ceramics
with optical absorbance in the NIR are ideal for imaging and monitoring cancer
treatment. Infrared thermal imaging and photoacoustic imaging allow simultaneous
diagnosis and monitoring, offering rapid, non-invasive high-resolution sensitivity.
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Furthermore, the integration of magnetic elements facilitates precise monitoring
using MRI (magnetic resonance imaging) [59].

Ceramics are also essential in the manufacture of optical biosensors used for the
selective detection of various neurotransmitters and biological molecules. These
biosensors harness the high sensitivity and selectivity provided by the optical proper-
ties of ceramics, allowing for the detection of very low concentrations of analytes in
biological samples [60]. The optical properties of ceramics play a crucial role in the
development of imaging devices for medical diagnostics. Fluorescence of certain
ceramic materials is used in molecular imaging techniques, allowing real-time visual-
ization of biological processes at the cellular level [58, 62].

In the past decade, there has been significant advancement in diagnostic tools and
imaging agents utilizing ceramic materials. Quantum dots enable high-resolution
imaging crucial for disease detection and monitoring. In fact, silica quantum dots
(Cornell dots) are used for tumor imaging and monitoring in therapeutic and diag-
nostic applications [59].

Mesoporous silica nanoparticles (MSNs) have attracted considerable interest
in biomedical research owing to their tunable mesoporous structure, high specific
surface area, large pore volume, and customizable particle size. These attributes make
MSNs well suited for concurrent diagnosis and therapy by enabling the encapsulation
and controlled release of therapeutic agents. MSNs have rapidly advanced in bioimag-
ing techniques, enabling their use in optical imaging, MRI, PET (positron emission
tomography), CT (computed tomography), and ultrasound, as outlined in Figure 3.
They have shown high potential in iz vivo studies for diagnostics and drug delivery.
However, improvements in imaging efficiency and colloidal stability are needed for
clinical applications. Enhancing targeting, smaller particle sizes, and better surface
passivation are critical areas for future research [58, 60].

Optical imaging |

Magnetic resonance imaging

g

[_Posntron emission tomography ]

é%«/ [s]=

Ultrasound imaging

Figure 3.
llustration of different imaging techniques using mesoporous silica nanoparticles. Reprinted with permission from
reference [60].
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6.3 Perspectives

Ceramics offer unique versatility for biomedical applications, distinguished
by their biocompatibility, mechanical strength, and advanced optical proper-
ties, which are crucial for the development of innovative medical treatments and
diagnostics [55-57, 63]. These characteristics not only enhance the effectiveness
of implants and prosthetics but also enable photothermal and photodynamic
therapies, as well as selective detection of various neurotransmitters and biological
molecules at ultra-low levels [58-60]. Ongoing research in these areas promises to
further advance the therapeutic and diagnostic capabilities of ceramics in modern
medicine.

7. Sustainable and circular practices in ceramic production

An emblematic initiative within the Europe 2020 strategy is the circular economy,
which aims to generate smart, sustainable, and inclusive growth. The evolution of the
ceramic sector toward sustainability and the circular economy represents a significant
transition from the traditional “make-use-dispose” model to a more rational and
collaborative production and consumption strategy [64].

This shift has been driven by the need to reduce environmental impact, improve
resource efficiency, and comply with increasingly stringent environmental regu-
lations. Thus, the concept of a circular economy should be regarded as a novel
approach for industrial ecosystems, encompassing the incorporation of new
materials and improved products into the supply chain as resources. This integra-
tion results in a decreased reliance on primary resources and a reduction in waste
generation [65].

The adoption of circular economy principles in the ceramics industry has led to a
transformation in production and waste management processes that are much more
innovative and sustainable. Sustainable practices in ceramic tile production have
emerged as a response to the growing need to minimize the industry’s environmental
impact [66]. As environmental concerns intensify, ceramic companies are adopting
innovations and strategies that not only comply with environmental regulations but
also promote a circular economy and resource efficiency.

The excessive extraction of raw materials such as clay, feldspar, and silica, the
exhaustive use of water and energy as well as the emission of greenhouse gases are
just some of the issues that have highlighted the need for a more sustainable approach
in this industry. According to the Global Material Resources Outlook to 2060, “the
global consumption of materials such as biomass, fossil fuels, metals, and minerals is
expected to double in the next forty years” [67].

7.1 Sustainable practices in tile production

* Reuse of industrial waste: One of the most notable practices is the reuse of indus-
trial waste since this technique not only reduces the need for virgin raw materials
but also minimizes the amount of waste sent to landfills. Innovative companies
are developing ceramic pigments and glazes from industrial waste, achieving a
dual advantage: waste reduction and the creation of sustainable products [68].
Ceramic glaze production can also significantly benefit from the reuse of ceramic
waste, which includes both clay and glaze residues generated during various

36



Photon-Powered Ceramics: New Frontiers in Material Science and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1007093

37

stages of the manufacturing process. Using ceramic waste, such as glass waste,

in glaze compositions helps reduce the environmental impact by substituting
traditional frits. This approach not only minimizes waste sent to landfills but also
conserves raw materials and energy.

Industrial symbiosis: It is a strategic approach that significantly enhances sustain-
ability in the ceramic production process. By facilitating the exchange of materi-
als, energy, and by-products between different industries, industrial symbiosis
reduces waste and optimizes resource efficiency. This collaborative model allows
for the valorization of waste products, such as using ceramic waste in the pro-
duction of new materials, thereby minimizing the extraction of virgin resources
and reducing environmental impact [69]. Additionally, industrial symbiosis
supports circular economy principles by integrating sustainable practices within
the supply chain, leading to innovative production processes that lower carbon
emissions and enhance economic savings

Energy efficiency and use of renewable energies: The ceramic sector, traditionally
energy-intensive, relies heavily on high-temperature processes such as firing

in kilns, which consume substantial amounts of fuel. Ceramic factories are
gradually integrating systems that optimize energy use, thus reducing carbon
emissions. Strategies to enhance energy efficiency include optimizing furnace
operations, improving insulation, and recovering waste heat for reuse in the
production cycle [70]. Therefore, the adoption of renewable energy sources, such
as solar and wind power, further reduces reliance on fossil fuels and decreases
greenhouse gas emissions.

Implementation of the circular economy: The circular economy in the ceramic
industry is based on the conservation and rehabilitation of resources through
recycling, reuse, and redesign. Research highlights the feasibility of incorporat-
ing waste materials into new ceramic products, such as wall tiles, which can
include recycled content without compromising quality [66]. The circular
economy framework also fosters innovation in production methods, enhancing
sustainability through efficient resource use and reduced emissions. Industry-
scale applications, supported by technological advancements like artificial neural
networks, optimize material properties and process efficiency, demonstrating
significant environmental and economic benefits [71].

Use of artificial intelligence: Artificial intelligence (AI) significantly enhances

the implementation of the principles of circularity in the ceramic production
process by optimizing resource use, minimizing waste, and improving overall
efficiency. Al-driven technologies streamline the monitoring and analysis of
production processes, leading to substantial reductions in energy consump-

tion and material waste while increasing productivity. By leveraging predictive
analytics, Al can anticipate equipment maintenance needs and optimize produc-
tion schedules, further reducing downtime and enhancing operational efficiency
[72]. Additionally, Al facilitates the recycling and reuse of ceramic materials

by improving sorting and processing techniques, thus supporting the circular
economy’s goal of keeping resources in use for as long as possible. The integra-
tion of Al not only contributes to sustainable production practices but also aligns
the ceramic industry with broader environmental objectives.
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7.2 Perspectives

The adoption of sustainable practices in ceramic tile production is essential to mit-
igate the industry’s environmental impact and promote a circular economy. Strategies,
such as waste reuse, energy efficiency, the incorporation of renewable energy sources,
and the application of artificial intelligence, not only provide environmental benefits
but also yield long-term economic gains. It is imperative that that more companies
within the sector embrace these practices to secure a sustainable future.

8. Conclusions

The chapter emphasizes the importance of new materials and their applications
in addressing global challenges, focusing on light-mediated processes in advanced
ceramics. Innovations in photocatalytic ceramics provide self-cleaning, air purifi-
cation, and antibacterial functions, which enhance public health and safety. The
development of nanomaterials improves energy storage and catalysis, offering
efficient and eco-friendly alternatives for solar cells. Advancements in photonics have
significantly boosted the properties and applications of multifunctional ceramics,
with improvements in luminescence and nonlinear optics benefiting LEDs, OLEDs,
laser technology, and optical signal processing. Laser processing allows for precise
surface patterning in optics, electronics, and biomedicine, although further research
is needed for optimization.

In biotechnology and nanomedicine, ceramics enhance medical implants,
prosthetics, and innovative therapies due to their biocompatibility and mechanical
strength. Sustainability is a key focus, with the circular economy in ceramic produc-
tion minimizing environmental impacts and improving resource efficiency. These
advancements not only enhance our current capabilities but also pave the way for
future solutions, addressing both present and unforeseen challenges. The continu-
ous exploration and development of advanced materials are essential for sustainable
progress and the well-being of humanity.
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Abstract

This chapter explores in detail the process of preparing WC-Co composite powder
using the in-situ solid carbo-thermic reduction method. WC-Co cermets are recog-
nized as advanced engineering materials, valued for their unique properties such as
wear resistance and high hardness. The chapter discusses various parameters essential
to the preparation process, including the ratio of reaction raw materials (tungsten and
cobalt oxides and the reducing agent), grinding conditions, purity and particle size of
raw materials, heat treatment conditions (heating temperature, duration, and type of
furnace atmosphere), density within the raw material mixture, and the type of reduc-
ing agent. Furthermore, the chapter addresses challenges and limitations related to the
carbon content in the reactions. As such, this chapter proves to be a valuable resource
for researchers and scientists involved in the synthesis of WC-Co composite powder
through the in-situ solid carbo-thermic reduction method, emphasizing the critical
role of process parameters in attaining the desired properties of the composite powder.

Keywords: WC-Co cermet, carbothermic in situ reduction, phase analysis,
microstructural analysis, thermodynamic analysis

1. Introduction

Engineering ceramics, due to their strong atomic bonds, exhibit high refractoriness
and thermal resistance, including hot strength and creep resistance. For instance,
carbides generally do not have a melting point and begin to sublimate at temperatures
above 2500°C [1]. Most ceramics are lightweight yet possess high hardness, wear
resistance, oxidation resistance, and chemical stability. However, they also have
drawbacks such as brittleness, thermal and electrical insulation, and poor thermal
shock resistance [2]. To mitigate these drawbacks, they can be combined with metals
and their alloys to form cermets [3]. One notable engineering ceramic is tungsten
carbide, which is gray, has a Mohs hardness of about 9, and a density roughly twice
that of steel [4].
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Cermets are predominantly ceramic in their primary phase but feature a continuous
metallic phase along the particle boundaries, which enhances ductility and impact
resistance while reducing brittleness [5, 6]. For example, a mixture of tungsten carbides
with 10% by weight of Co metal produces cutting tools with reduced brittleness, which
neither metal nor ceramic alone can achieve. This composite exhibits high toughness
and hardness simultaneously, making it highly wear-resistant without being brittle,
which is why it is used for cutting tools for hard steels, known as hard metals [7].

Cemented carbides consist of a complex phase, such as WC (tungsten carbide),
and a binder phase, like Co (cobalt). The primary constituent of these materials is
tungsten carbide, which provides hardness and wear resistance to the composite. The
secondary component, cobalt, imparts toughness and helps bind the tungsten carbide
particles together. Cobalt is predominantly used in tungsten carbide-based cermets
due to its properties, such as the good wettability of tungsten carbide particles and
forming strong bonds with them.

In addition to the mentioned properties of Co, recent studies indicate that the
presence of a certain amount of pure Co alongside the raw materials (C + WO3) for
producing WC can act as a catalyst and improve the reduction conditions. In this role,
cobalt accelerates the reduction of WOj3 during the carburization process. Specifically,
the presence of Co reduces the oxygen pressure of the environment required to form
the intermediate phase CoWO,, which lowers the phase transition temperature of
WOj3 to WO, and subsequently to W to about 750°C [8].

The hardness of tungsten carbide makes it brittle. To increase its flexibility and
toughness, cobalt is used as the secondary phase. Therefore, this composite is utilized
in the manufacturing of cutting tools and wear-resistant tools that require desirable
toughness. The particle size of tungsten carbide in WC-Co cermets ranges from 0.3 to
40 microns, and the cobalt content varies from 3 to 30% by weight [9]. The grain size
significantly affects performance; for general industrial cutting applications, tungsten
carbide particle sizes are typically 1-2 microns [10]. Recently, ultrafine WC particles
less than 0.1 microns have been developed, improving wear behavior [11].

According to the Hall-Petch effect (6 = o + k.d%°), as grain size decreases,
hardness, strength, and toughness increase. Smaller particles also enhance the driving
force for sintering, leading to better composite formation. Particle size directly
impacts the pressing pressure during powder compaction; smaller particles require
higher pressing pressure, resulting in higher densification [12]. Over the past 20 years,
significant attention has been given to nanocomposites of WC-Co. Applications
include cutting tools, drilling, machining, drilling tools, molds for metal forming,
ceramic and composite part molds in powder metallurgy, aerospace industries, tur-
bine blades, milling balls, and sandblasting nozzles [13-15].

The excellent properties of this composite depend on various factors, but grain size
has the most significant impact. As the grain size decreases, the material’s hardness
and strength increase. Additionally, finer particles increase the driving force for
sintering, resulting in better composite formation conditions. The particle size directly
affects the pressing pressure during the powder compaction stage; finer particles
require higher pressure, leading to higher density [16-18].

One of the measures taken to reduce particle size is pressure-assisted sintering,
including methods such as SPS (Spark Plasma Sintering), MS (Microwave Sintering),
UPRC (Ultra-High Pressure Rapid Consolidation), HFIHS (High-Frequency Induction
Heating Sintering), and HIP (Hot Isostatic Pressing). It is worth mentioning that the
carbo-thermic reduction method and the in-situ production of the WC-Co composite
yield finer grains compared to the method of carburizing tungsten in the initial
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mixture (W + Co + C) or the powder metallurgy method for the (WC + Co) mixture
[19-24].

Refractory metals are commonly used in cermets because, in addition to providing
toughness, they do not significantly reduce refractoriness and mechanical properties
at high temperatures. Refractory metals have melting points above 1500°C and gen-
erally belong to the transition elements of the periodic table. These metals act as
barriers to crack propagation at the ceramic-metal interfaces, requiring cracks to
expend more energy cutting through the metal phase. As a result, the crack loses its
energy and stops, thereby increasing the toughness of the piece [13].

2. In-situ methods for composite production
In-situ synthesis refers to forming composite phases (matrix or reinforcement)

during milling or thermal treatment through chemical reactions. This can occur in
liquid, solid, or gas phases or their combinations:

1. Direct nitration
2.Indirect nitration
3.Pyrolysis of organic materials
4.Chemical vapor deposition
5.Plasma arc spark process
6.Sol-gel process
7.Mechanical methods
8. Atomization process
9.Combustion and self-combustion synthesis
10.Carbo-thermic reduction (solid or gaseous or their combination) [25-27].
The most important parameters influencing this method are:
1. Characteristics of raw materials
2.Milling conditions
3.Effect of heat treatment temperature and holding time in the furnace (heat
treatment cycle): The reaction conditions are optimized when the temperature
and holding time in the furnace are minimized, which is more economically
favorable and cost-effective.

4.Effect of internal furnace pressure and its atmosphere

5.Appropriate composition and purity of hydrogen gas as an auxiliary agent for the
reduction process.
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3. Solid carbo-thermic reduction method

In this process, composite matrix and reinforcement phases are formed through
carbon reduction, which can use solid carbon (active carbon powder) or gaseous
carbon (methane, CH,4, which constitutes about 80% of natural gas) or CO [28]. The
reducing agent can also combine carbonaceous materials and H; gas. Notably, carbon
polymers can serve as a carbon source. For instance, in a research study, a combina-
tion of ethylene glycol, polyethylene glycol, and polypropylene glycol was used as a
carbon source to reduce tungsten oxides for WC powder production (Figure 1) [29].

Advantages of carbo-thermic reduction:

1.The powders produced have high compressibility due to their high porosity.

2.Efficient for producing composites where melting the metallic part on an
industrial scale is challenging.

3.Easy control over factors like temperature, atmosphere, and chemical
composition.

4.Potential for producing nanocomposite powders.

5.Reduced environmental pollution and hazards.

6.Better and more uniform particle distribution, improving mechanical and

physical properties.

Impregnation of
tungsten source
under vacuum

[

in-situ formation of WC

-.
e
m
Joloioldet
[=}
-
/ o
N
[
[=]
r-]
=
o
Q

\

Template removal

Mesoporous WC

Figure 1.
Carbon polymer source for veduction in rod form [29].
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7.Clean interface between soft and hard phases, enhancing interface strength.
8. Thermodynamic stability at higher temperatures.
9. Cost-effectiveness [30-33].

The main drawback of solid carbo-thermic reduction is the lengthy process due to
diffusion-controlled reduction reactions and the high activation energy required for
initial oxide materials.

4. WC ceramic and WC-Co cermets formed by in-situ and solid
carbo-thermic reduction methods

One of the significant differences in the fabrication of WC-Co composites is the
use of different raw materials, which can be categorized as follows:

1. Using tungsten and cobalt oxides as the primary materials and performing
gaseous and solid reduction with various carbon sources [34, 35].

2.Using aqueous and salt compounds containing W and Co and introducing
different C sources for reduction [36-39].

3.Direct use of W, Co, and C through powder metallurgy, which, although not
cost-effective, is very efficient and precise for critical components [40].

In this research, the primary focus is on the first method, which offers higher
economic benefits and aligns with the objectives of this study. Other methods are
briefly mentioned.

For instance, in one study, (NH4)¢(H,W1,04).4H,0 and (CoNO3),.6H,0 salts
were used as the raw materials. These materials were mixed via spraying in an
environment at 100-130°C, and then heated to 800°C for 2 hours to remove the
molecular water of the salts, resulting in a powder mixture of WO3 and CoWO,. This
study is mentioned here because the final raw materials are similar to those obtained
via solid carbo-thermic reduction. In the next step, the calcined powder was mixed
with activated carbon as the reducing agent and then heat-treated at 950°C for
4 hours under a nitrogen gas atmosphere, ultimately producing WC-Co composite
powder [41].

Figures 24 illustrate SEM images with different magnifications of WC-Co pow-
der. The composite powder size ranges from 100 to 300 nm, larger than the initial
oxide powders.

The reactions during the carbo-thermic reduction are as follows:

CoWQ4 + 5C = Co+ WC + 4C0(g) (1)
WO3 4+ 4C =WC+ 3C0(g) 2)

In a previous study [42], the reduction mechanism of WO; during carburization
under a methane and hydrogen gas mixture atmosphere was examined. The results
indicated that WOj is first converted to W,oOsg, then sequentially to WO,, W, W,C,
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Figure 2.

Figure 3.
Figure 2 at higher magnification [41].

and WC. A similar study showed that in a powder mixture of tungsten oxide, cobalt,
and carbon, the CoWO, phase forms first, followed by W, W,C, 1, and WC phases.
Notably, the 5 phase appears in two forms, CosW;C and CogWC, which are inter-
mediate and unstable phases for synthesizing WC-Co cermet [43]. It was also noted
that at 900-923 K, solid-state diffusion on the surface of tungsten oxide particles
intensifies and gradually penetrates the core.

For the reduction of WO, powder to WC using CO gas as the reducing agent, a
recent study provided exciting results [44]. The conclusion was that at relatively low
temperatures (813-908°C), the final product of the reduction process is WC. In
contrast, at higher temperatures (1179°C), the final product is W,C or W. Thermody-
namic studies of this reduction mechanism showed that WO, is directly converted to
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Figure 4.
Figure 3 at higher magnification [41].

WC at low temperatures (813-908°C) during carburization with CO gas. However, at
higher temperatures (1179°C), the reduction mechanism is two-staged, first
converting WO, to W and then to W,C and WC. The reason for this is the increased
difficulty of carburization at higher temperatures, requiring more CO. In essence, CO
loses its effective reducing capability at high temperatures.

A similar study demonstrated the two-stage synthesis of tungsten carbide powder
from tungsten oxide using direct reduction and carburization by a mixture of hydro-
gen and methane gases. Tungsten oxide powder was first converted to tungsten
powder under a hydrogen atmosphere at 800-900°C. Subsequently, with the addition
of methane to the hydrogen gas at various ratios (100, 50, and 20%), the behavior of
tungsten carbide powder synthesis was studied at 950°C for 60-210 minutes.

The results indicated that complete carburization of tungsten carbide was not
achieved within 210 minutes, and the methane-to-hydrogen ratio was optimized at
20% methane and 80% hydrogen. Spherical tungsten carbide particles with an average
size of about 1.5 microns were obtained after 210 minutes [45].

One current application of nano-structured WC powder is its use as a platinum
substitute. In one study, ammonium para tungstate was used as the reducing agent
and subjected to a thermal gradient of 1.1°C/min under a 20% methane flow in a
hydrogen environment. Samples were withdrawn at specific temperature intervals
and analyzed. The results indicated that the tungsten phase formed around 550°C,
initially converting to W,C and then to WC at higher temperatures. The heat treat-
ment was conducted in the 350-950°C range [46, 47]. Recently, in 2018, studies
showed that glucose, as a solid carbon source, is more active than carbon black,
successfully reducing tungsten and cobalt oxides at 900°C with a holding time of
1 hour [48].

A literature review indicates that many studies have used tungsten and cobalt
oxide materials as the initial raw materials. For example, one study used WO, o,
Co304, and C as the raw materials. The materials were homogenized in a ball mill with
ethanol, a ball-to-powder weight ratio of 3:1, and a rotation speed of 500 rpm for
5 hours. Subsequently, the powder mixture was compacted and sintered, during
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which the reduction reaction occurred, forming a WC-Co composite [31]. It is worth
noting that compaction in the initial material mixture, especially in the solid reduction
method, increases the contact surface between particles, improving the reduction
reaction kinetics.

The initial reduction temperature of tungsten oxide by carbon or carbon monoxide
is lower due to the more negative change in energy, the lower equilibrium tempera-
ture of the reduction reaction, the higher electronegativity difference between tung-
sten and carbon, and the less dense crystalline structure of tungsten oxide (BCC)
compared to cobalt oxide’s compact structure (HCP) [49]. DTA-TGA analysis results
showed that tungsten oxide reduction reactions occurred within the 850-1000°C
range, and then the cobalt oxide reduction and WC-Co cermet formation were com-
pleted simultaneously up to 1200°C. If the reduction temperature reaches the
sintering temperature of cobalt (the melting point of cobalt is 1495°C), the reduction
and sintering processes can be observed in a two-stage process, as reported in the
study related to the source [49]. However, most studies have synthesized WC-Co
cermet powder and sintered it in two separate stages, initially obtaining WC-Co
cermet powder at around 1200°C using solid or gaseous reduction methods, and then
performing sintering with methods such as hot pressing, spark plasma, etc. [50].

In 2020, a new two-stage reduction method was employed [51], resulting in a WC-
Co composite powder with improved toughness after spark plasma sintering (SPS). As
known, WC-Co composites exhibit high hardness but poor toughness. This method
used pure tungsten, cobalt, and carbon powders as raw materials. The materials were
combined in a ball mill at 350 rpm for 25 hours with a ball-to-powder ratio of 3:1 in an
ethanol environment. The resulting mixture underwent partial reduction heat treat-
ment in a vacuum furnace to form amorphous and unstable Co3WsC,4 and Co,W,C
phases. The resulting products were re-milled with the necessary carbon to form a
WC-10wt%Co composite for 15 hours. Finally, the combined powder was subjected to
SPS, heating to 850°C for 5 minutes, holding for 4 minutes, then rapidly heating to
1050°C in 1 minute, holding for 3 minutes, cooling to 600°C in 3 minutes, and finally
reaching room temperature in the furnace. During heating, the SPS pressure increased
from 10 to 30 N. Figure 5 schematically illustrates the above process.

This two-stage heat treatment modifies the interface between WC and Co phases
from non-coherent to coherent, increasing interfacial strength and resistance to
intergranular fracture. The coherent twin boundaries in the cobalt phase allow greater
plastic deformation during crack propagation, enhancing fracture toughness.

A 2017 study [52] utilized a mixture of coke and alumina with a 50-50 weight ratio
as a protective layer instead of using vacuum or hydrogen gas atmospheres to prevent
reoxidation of tungsten carbide and cobalt metal and the formation of complex oxides.
The results confirmed that alumina as an inert filler between coke particles prevents
oxygen penetration, reduces the activity of coke, and slows down the oxidation or
combustion of carbon. The discussion continues on the influential parameters in the
synthesis of WC-Co composite powder by in-situ solid carbo-thermic reduction.

4.1 Milling conditions

Microscopic results in Figure 6 indicate that the primary powder size decreases
with increased milling time. The results show that the initial powder mixture, milled
for 20, 30, and 40 hours, reduced the WO, g and Co30, grain sizes to around 40-

50 nm after 20 hours of milling, while the carbon grain size remained larger, ranging
from 200 to 500 nm, indicating carbon’s tendency to re-agglomerate.
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Figure 5.
Schematic of the overall process for producing WC-Co composite via two-stage reduction [51].

By increasing the milling time to 30 hours, the size of the oxide powder particles
becomes finer, ranging from 20 to 40 nm, and the size of the carbon grains also
becomes slightly finer. Subsequently, by increasing the milling time to 40 hours, the
size of the oxide powder particles does not change much, but the distribution and
dispersion of the carbon particles increase. Their grain size becomes about 250 nm,
which is suitable for the reduction process due to having the highest surface energy
and lower activation energy for reduction [25].

In a similar example, XRD results on the products show that the samples milled for
40 hours do not contain the 1 phase (the n phase includes compounds like CozW3C,
CogWC, and Co,W,C, all of which have an FCC structure but differ in the number of
atoms in the crystal lattice). This phase persists if powder synthesis is done at 1100°C
for 1 hour [53]. Moreover, the main phases are WC and Co. Figure 7 indicates that the
1 phase is present in the final product for shorter milling times.

Increasing the milling time before reduction not only affects the formed phases
but also facilitates the production of nanocomposite particles. Results of three
samples with different milling times show that the grain size of the final composite
powder after 20, 30, and 40 hours of milling (Figure 8) is 424, 355, and 306 nm,
respectively [25].

In a new study conducted in 2019 [54], it was shown that the particle size of the
initial WO; powder can affect the size and distribution of the resulting WC powder.
Four types of WO3 powder with different grain sizes were used as raw materials, and
the results indicated that WO3; powder with the smallest particles (200 nm) had the
least agglomeration. Also, its distribution and uniformity after milling were higher,
which reduced the reduction temperature of tungsten oxides and increased the pro-
duction efficiency of WC powder. Under thermal treatment at 1100°C for 3 hours in a
vacuum atmosphere, tungsten oxides were reduced with carbon, and WC powder
with a size of 100 nm was obtained. In contrast, when using WO3; powder with the
largest particle size (20-100 microns), the agglomeration and clustering of oxide
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Figure 6.
SEM images of the powder: (a) WO, 5, (b) Co;0,, and (c) carbon before milling, and (d), (e), and (f),
respectively, from vight to left after 20, 30, and 40 hours of milling [25].

particles increased, and after milling, good uniformity and homogeneity were not
achieved, resulting in WC powder with a particle size of 250 nm. Even the milling
temperature can affect the formation conditions of the powder [55]. A study showed
that at low milling temperatures (—30°C) compared to ambient temperature milling,
the particle shape disorder was less, and the final WC particle size was larger (26 vs.
21 nm). This factor can influence the sintering conditions of the WC-Co cermet
powder.

Therefore, according to available sources, the raw materials for producing tung-
sten carbide ceramics and tungsten carbide-cobalt cermet must be well-milled;
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Figure 7.
XRD patterns of composite samples with different milling times [25].

Figure 8.
Three samples with different milling times (a) 20 hours, (b) 30 hours, and (c) 40 hours [25].

otherwise, the powder synthesis will not be successful. One of the main issues in
industrial-scale production is that to increase production efficiency, only a mixer is
used, and the use or time of ball milling is minimized, which can be a weakness during

57



Advanced Ceramics Materials — Emerging Technologies

powder synthesis. (For the synthesis of WC and WC-Co, the raw materials must be
milled for at least 10 hours. However, if the aim is to use an industrial mixer since little
strain energy is stored in the raw materials, the time and temperature of thermal
treatment must be increased).

4.2 Effect of carbon content and material ratios in initial powder mixture

If the carbon content in the initial powder mixture exceeds the permissible limit,
free carbon or intermediate ) phases can form in the composite powder, which can
affect the properties of the WC-Co composite. The 1 phase includes compounds like
Co3W3C and CogW,C. Therefore, the amount of carbon added to the initial powder is
crucial. The amount of carbon to be added is determined experimentally. Different
amounts of carbon are examined under constant conditions for composite fabrication.
In a study to determine the carbon content in the initial materials, carbon amounts
ranged from 16.8 to 17.1% by weight under 40 hours of milling and 1080°C reduction
for 4 hours. XRD results are shown in Figure 9 [25].

According to the results in Table 1, the free carbon in the 16.8% weight sample is
less than all other samples. The theoretical carbon amount under these conditions is
5.75% by weight, and since the actual amount is less, there is a carbon deficiency for
composite production. For the second sample containing 16.9% carbon by weight, free
carbon is still low, but intermediate n phases are present in the composite structure.
However, for the third and fourth samples with 17 and 17.1% carbon by weight, only
WC and Co phases are observed. Therefore, according to these results, the initial
powder should contain 17% carbon by weight to achieve the best and most optimized
structure in the composite. An optimal amount of the ) phase can be suitable for the
WC-Co composite and increase its corrosion resistance, especially in zinc-containing
environments. Additionally, recent studies have shown that forming the n phase
reduces the energy required for WC phase formation, thus lowering the reduction
temperature and significantly impacting the final powder grain size [43].
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Figure 9.
XRD analysis of composite powders with diffevent initial carbon amounts [25].
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Sample Excess carbon in raw Total actual carbon  Free carbon  Theoretical carbon
materials (wt%) (wt%) (wt%) (wt%)
C16.8 16.8 5.71 0.05 5.66
C16.9 16.9 5.88 0.06 5.82
C17.0 17.0 5.97 0.20 5.77
C171 171 6.11 0.34 5.77
Table 1.

Free carbon and total carbon amounts in four samples with different theovetical and actual initial carbon contents

[25].

4.3 Effect of furnace atmosphere and pressure

The furnace atmosphere plays a crucial role in preparing tungsten carbide and
tungsten carbide-cobalt. A vacuum atmosphere can reduce the reduction reaction
temperature and improve the final powder phases, eliminating unwanted phases.
Figure 10 shows the XRD pattern for powder produced at 1050°C under different
vacuum levels. The best powder production conditions are under gas pressure of
4 x 10~ * Pa, where no additional phases are present and high-quality powder is
obtained.

4.4 Effect of thermal treatment temperature

Figure 11 shows the XRD patterns of composites produced in the 850-1050°C [25].
Initially, when the temperature rises to about 850°C, the reduction of tungsten oxide
and the release of tungsten become possible, forming the WC phase. At temperatures
above 850°C, the formation of ) and W phases increases. With further temperature
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Figure 10.
XRD patterns for powders produced at 1050°C under different vacuum levels [25].
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Figure 11.
XRD patterns of composites produced in the temperature range of 850—-1050°C [25].

increase to 1050°C, the formation of 1 phases decreases, and cobalt oxide reduction
completes, resulting only in WC and Co phases.

Besides the effects of furnace temperature on formed phases, it can also influence
the grain size of the produced composite powder (Figures 12 and 13). Results show
that the initial powder grain size was around 115 nm, indicating fine raw materials.
With thermal treatment in the temperature range of 900-950°C, grain growth occurs,
possibly due to the high activation energy generated during milling, causing particles
to reduce their surface area by increasing size significantly.

Therefore, a review of the literature shows that the temperature range for the
reduction and formation of tungsten carbide and tungsten carbide-cobalt varies
depending on the type of raw materials used, milling conditions, and the synthesis
equipment and method. In most references, an approximate temperature range of
1000-1200°C has been chosen to synthesize tungsten carbide and tungsten carbide-
cobalt powders.

4.5 Effect of heat treatment time

There is an optimal heat treatment time; if it is less than the required amount, the
reduction and carburization reactions for synthesizing the products may not be com-
pleted. If it is too long, grain coarsening occurs in the composite structure, and issues
of reoxidation and the formation of unwanted phase compounds arise. Evidence
shows that during the reduction process at 1050°C, for different times ranging from 6
to 10 hours, the grain size changes from 350 to 545 nm, and powder particle coarsen-
ing occurs [25].

4.6 Thermodynamic analysis for the formation of WC-Co composite powder
(WC powder) from metal oxides using in-situ and carbo-thermic reduction
methods

When discussing chemical reactions, thermodynamic laws come into play. Specif-
ically, the first law of thermodynamics deals with the energy of reactions, and the
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Figure 12.
SEM images of the morphology of powder grains produced at temperatures of 900, 950, 1000, 1050, 1100, and
1150°C, respectively, shown from right to left in images (a), (b), (c), (4), (e), and (f) [25].

second law addresses the transfer of this energy, guiding the direction of reactions.
For instance, if AG = 0, the reaction is at equilibrium and can proceed in both
directions. If AG < 0, the reaction is spontaneous and moves forward, while if

AG > 0, the reaction is non-spontaneous and requires energy input. AG can be
calculated using the following formula:
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1 1 1 1
AG = —AATLnT— 5% 1073AA,T? — 5% 10°AA T — X 107 °AA,T? — X 108AAsT2 + AgT + Ay
3)

Where AA; and i = 1 — 5 pertain to the thermodynamic data of reactants and
products, and A7 and Ag are constants related to stability. The reaction’s starting
temperature can be found under conditions where AG = 0.

When tungsten oxide (WO3) and cobalt oxide are combined and heated in a
carbon environment at specific temperatures, numerous reactions occur, including
forming intermediate phases before yielding the final product. Thus, controlling the
conditions of these reactions is complex [30].

The following reactions occur during the carbo-thermic reduction of WOj3:

WO; + 0.05C = WO, + 0.05CO, (4)
WO; + 0.1C = WO, + 0.1CO (5)
WO, + 0.09C = WO, 7, + 0.09CO, (6)
WO, + 0.18C = WO, 5, + 0.18CO ?)
WO, 7 + 0.36C = WO, + 0.36CO, (8)
WO, + 0.72C = WO, + 0.72CO )
WO, + C=W + CO, (10)

WO, +2C = W +2CO (11)

The AG values for these reactions can be obtained using formula 3 and thermody-
namic tables. The free energy changes with temperature for oxides WO,, WO, 7,
WO, and WO; with gaseous products CO, and CO are illustrated in Figure 14.

In Figure 14(a), reactions (4) and (5) are depicted. When the temperature
exceeds 390 K and 705 K, respectively, the free energy for both reactions is less than

400

1
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250

Average particle size/ nm
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Figure 13.
Schematic velationship between temperature and particle size of the composite powder [25].
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zero, indicating they can occur under these conditions. Below 970 K, the free energy
for reaction (4) is lower than for reaction (5), making CO, stable at temperatures
below 970 K and CO at higher temperatures.

Figure 14(b) concerns reactions (6) and (7), showing that at room temperature,
the free energy for both reactions is below zero, indicating WO, g reduces well at
lower temperatures. Above room temperature, the free energy for reaction (6) is
lower than for reaction (7), thus CO, is produced in this case.

Figure 14(c) indicates that reactions (8) and (9) have free energies below zero
above 905 K and 940 K, meaning they can occur under these conditions. Below 970 K,
the free energy for reaction (8) is lower than for reaction (9), making CO, stable,
while above 970 K, reaction (9) has a lower free energy, making CO stable.

In Figure 14(d), reactions (10) and (11) have free energies below zero above
1015 K and 1055 K, meaning they can proceed under these conditions. Below 970 K,
reaction (10) is more stable, but since AG > 0, the reaction does not occur and CO, is
not produced. Above 970 K, CO is produced.

In summary, the gas produced for the reduction of WO3 and WO, ,; can be CO and
CO, together, but for WO, and WO, g, only one type of gas, either CO or CO2, exists,
with CO being more stable at higher temperatures.

Next, the thermodynamic analysis of the formation of tungsten carbide (WC) is
presented. W,C and WC are two different chemical compounds of tungsten carbide
formed during the carburization of tungsten, as shown in reactions (12)-(14):

W + 0.5C = 0.5W,C (12)
W4+ C=WC (13)
8 r—— T T 1 : ; :
6| 4 1-W0,+0,05C-WO, ;+0.05CO, (a) ] 682 ! ! ! - > ' (b)
2-WO,+0.1C=WO,;+0.1CO 684 [ 3-WO,,+0.08C=WO, +0.08CO, ‘ . ‘ 4
; ' 705K ] 686 [ 4WO,,+0.18C=W0, ,+0.18C0 / ]
5 0F e .'-_0 688 1
Eal / 1 E 890 } 4
2 390K 132 692 | ]
O6r 10
<8 13 694 + 4
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-12 E ' 'l 1 Il I L L L ] -698 C 1 1 1 L 1 1 L i ]
300 450 600 750 900 1050 1200 1350 1500 300 450 600 750 900 1050 1200 1350 1500
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Figure 14.

Changes in AG with temperature for the carbo-thermic reduction of tungsten oxides according to reactions (4)—

(11) [30].
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0.5W,C + 0.5C = WC (14)

Figure 15 shows the curves of free energy changes with temperature for these
reactions. The AG for reaction (13) is significantly lower than for reactions (12) and
(14). Below 1500 K, WC is more likely to form and is more stable than W,C. How-
ever, above 1500 K, the AG for reaction (12) becomes lower than for reaction (13),
making W2C stable, and even increasing carbon content at higher temperatures
cannot convert W,C to WC.

This section continues with the thermodynamic analysis of the carbo-thermic
reduction reactions of Co304 by carbon. The carbo-thermic reduction reactions of
Co30,4 producing CoO and Co are listed below:

Co0304 +2C = 3Co + 2CO, (15)
Co304 + 4C = 3Co + 2CO (16)
Co304 + 0.5C = 3Co0 + 0.5CO, 17)
Co304 + C = 3Co0 + CO (18)

Figure 16 shows the curves of free energy changes with temperature for these
reactions. All these reactions can occur at low temperatures. The starting temperature
for reaction (16) is around 625 K, and for other reactions, it is below 360 K. At this
low-temperature range, reactions (15) and (17) start sooner, both producing CO, gas.
Below 515 K, reaction (17) has a lower AG and occurs more quickly, forming CoO.
Above 515 K, reaction (18) has a lower AG and proceeds more easily, forming Co. At
970 K, reaction (16) has the lowest AG and is thermodynamically more stable, with
the final product being cobalt and CO gas.

It is worth noting that one of the differences in the synthesis of tungsten carbide
and tungsten carbide-cobalt is the presence of cobalt oxide in the initial material
composition. This combination leads to the formation of the intermediate compound
“CoWO,” in the structure, which can improve the synthesis process of tungsten
carbide—-. Therefore, it has been stated that it can act as a catalyst in synthesizing

0 - -

-4 1--W+0.5C=0.5W,C 1

- 2--W+C=WC R

= a2f 3--0.5W,C+0.5C=WC 1
E 16} :
2 20} —
© 24} ]
< 28 | ]
32t
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Figure 15.
Changes in free energy with tempevature for the formation reactions of tungsten carbide [30].
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Figure 16.
Changes in free energy with temperature for the carbo-thermic reactions of Co;0, [30].

tungsten carbide alongside cobalt. The thermodynamic analysis of the intermediate
compound CoWO, is provided below. The reaction between WO3, C0304, and carbon
at lower temperatures results in forming the intermediate and unstable compound
CoWO,, which can decompose at higher temperatures. The formation and decompo-
sition reactions of CoWO, are presented below.

Co0304 + 0.5C + 3WO5; = 3CoWO, + 0.5CO, (19)
Co0304 + C + 3WO03 = 3CoWO0, + CO (20)
Co0O + 3WO03 = CoWO, (21)

CoWO, + 2.5C = 0.5W,C + Co + 2CO;, (22)
CoWOy4 + 4.5C = 0.5W,C + Co + 4CO (23)
CoWO, 4+ 2C = W + Co + 2CO, (24)
CoWO, + 4C = W + Co + 4CO (25)
CoWOQ, +3C = WC + Co +2CO, (26)
CoWO0, + 5C = WC + Co + 4CO (27)

Figure 17, parts (a) and (b), corresponding to the curves of Gibbs free energy
changes with temperature related to reactions 19-27. Part (a) in Figure 17 depicts the
formation reactions of CoWO,, which occur at low temperatures around 300 Kelvin.
Under these conditions, the Gibbs free energy change (AG) for reactions 19-21 is
negative. Reaction 17 has a more negative AG than reactions 20 and 21, indicating the
stability of the phases CoWO, and CO, under these conditions. It is noteworthy that
reaction 21 indicates that CoWO, can be produced from the combination of CoO and
WO3, and the temperature does not affect the AG of the reaction.

In part (b) of Figure 17, the decomposition reactions of CoWO, are shown, which
occur at relatively high temperatures. The onset temperature for transformations
corresponds to reaction 26 (945 Kelvin). Under these conditions, the products of
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Changes in Gibbs free energy with temperature for (a) the formation and (b) the decomposition of COWO, [30].

reaction 26, Co, WC, and CO,, are stable, and the highest formation temperature of
the products is 1050 Kelvin, corresponding to reaction 24. Within this temperature
range, when the temperature reaches 975 Kelvin, the AG of reaction 27 is at its
minimum, and WC, CO gas, and Co(s) are formed.

Therefore, when CoWO, reacts with carbon, the gaseous reaction products at
low temperatures are CO, and CO, and the solid components in the final products
depend on the reaction temperature and the amount of carbon. At a constant
temperature, with an increase in the amount of carbon, the products change from
W to W,C and WC.
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5. Conclusion

The literature review indicates the optimal conditions for various factors influenc-
ing the carbo-thermic reduction process and the synthesis of tungsten carbide (tung-
sten carbide-cobalt). For the milling of raw materials in the solid-state method, a
duration of 5-20 hours with a ball-to-powder ratio of 3 (up to 10) to 1 and a speed of
300 rpm is suitable. Additionally, the best atmosphere for solid-state reduction is a
vacuum, while an oxidizing atmosphere or argon protective gas does not perform
well. The optimal time and temperature for the heat treatment process (thermal cycle)
for the solid-state reduction method are within the temperature range of 1000-1200°
C and a holding time of at least 3 hours. Information on the amount of carbon in the
initial material composition is incomplete and requires further investigation.
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Chapter 4

Conduction Mechanisms and
Permittivity: Conductivity
Correlation in the Gd-Based
Perovskite Structure

Khouloud Moualhi and Mouldi Zouaoui

Abstract

This chapter investigates the dielectric properties of GdCa,Cu30s, a recently dis-
covered material showcasing colossal permittivity. Through a detailed examination,
we explore the original mechanisms behind its remarkable dielectric behavior, crystal
structure, and microstructure properties. The temperature-dependent dielectric mea-
surements revealed a constant permittivity value at room temperature (10*), indica-
tive of colossal permittivity behavior. We discuss the origin of this phenomenon in
terms of intrinsic and extrinsic mechanisms, including defect-related effects, charge
carrier hopping, and Maxwell-Wagner polarization. By highlighting the latest research
advancements, this chapter aims to provide readers with a thorough understanding of
the possibilities presented by this innovative material in the ever-evolving field of
functional materials and their applications. Moreover, it explores the diverse range of
applications enabled by GdCa,Cu30s, from high-capacitance devices to energy storage
systems. Our findings provide valuable insights into the understanding and utilization
of colossal permittivity in GdCa,Cu3Os perovskite for advanced electronic applica-
tions (capacitors Y5R and Y6R).

Keywords: ceramic capacitor, colossal dielectric constant, dielectric model, interfacial
polarization, conduction mechanisms

1. Introduction

Advanced ceramics represent a fascinating material class that has developed vari-
ous industries due to their unique properties and applications [1-4]. These ceramics,
often engineered at the molecular or nanostructure level, offer exceptional mechanical
strength, thermal stability, chemical inertness, and electrical insulation properties.
Advanced ceramics are typically based on oxides, carbides, nitrides, and borides of
metals. The development of advanced ceramics has been driven by the need for
materials that can withstand extreme conditions in the aerospace, automotive, elec-
tronics, biomedical, and energy sectors [5]. Manufacturing advanced ceramics often
involves sophisticated techniques such as sintering, hot pressing, and chemical vapor
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deposition to achieve the desired microstructure and properties. Modern technology
and industry rely heavily on advanced ceramics, which offer solutions to challenges
that traditional materials cannot meet. The ongoing research and development in this
field promise further innovations and applications in the years to come, contributing
to advancements in areas ranging from electronics to healthcare and beyond [6].

Materials exhibiting colossal permittivity have garnered significant attention in
recent years due to their exceptional electrical properties and potential applications in
various technological fields. Colossal permittivity refers to a phenomenon where
materials exhibit extremely high dielectric constants, often several orders of magni-
tude greater than those of conventional dielectrics. This remarkable characteristic
allows them to store significant amounts of electrical charge under an applied electric
field, making them ideal candidates for capacitive devices and energy storage appli-
cations [7]. Studying and exploring materials with colossal permittivity have opened
new avenues for research in materials science, solid-state physics, and engineering.
The exploration of materials with colossal permittivity has become a new frontier in
materials science and engineering in recent decades. These materials, characterized by
their extraordinary ability to store electrical charge under an applied electric field,
hold immense promise for revolutionizing various technological applications. Among
the notable examples of such materials are BaTiO3; (ABO3), Gd;,CuO4(ABO,), and
CaCu3Ti401; (AA’B,Oy,) (Figure 1) [8-10]. Due to its high relative permittivity,
barium titanate (BaTiOj3) is used in dielectric composites [3]. BaTiO3’s reported results
indicate that the £/ is high but is affected by temperature. The presence of the transi-
tion temperature event is generally a problem when discussing these materials’ appli-
cations. Recently, calcium copper titanate (CCTO) has been receiving a lot of
attention because of its high and stable dielectric permittivity [10].

The exceptional physical characteristics of CaCu3TisO;, perovskite, such as its
elevated dielectric properties, have made it a significant consideration for functional
materials. The electrical and dielectric properties of ceramic compounds are
influenced by dipolar species and localized charges, which are the parameters that
determine strength, kinematics, and charge carrier interactions [10]. The process of
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Figure 1.
Evolution of materials with colossal permittivity.
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coordinating the structural, dielectric, and electrical properties of ceramics to create
multifunctional compounds and utilize them in future applications is challenging. The
recent proposal of fabrication of ceramic capacitors using CaCuzTi4O;, complex
ceramics for their high permittivity (¢'), excellent performance, low dielectric loss,
and excellent temperature stability over a large temperature domain have been made
due to its motivation [6, 7]. The evolution of materials with colossal permittivity has
been marked by continuous advancements in synthesis techniques, characterization
methods, and theoretical understanding.

This chapter would open up an opportunity to develop new high dielectric per-
mittivity material (GdCa,Cu305). These efforts to optimize other critical properties
such as conductivity, stability, and environmental sustainability [11, 12]. The crystal
structure of GdCa,Cu305 was discovered recently [11, 12]. GdCa,Cu30s is a ternary
oxide compound with exceptional dielectric permittivity values, which has been con-
sidered for capacitor applications.

2. Ceramics synthesis

The ceramic sample was synthesized using a conventional solid-state reaction
(SSR) method. The compositions GdCa,Cu305 dictated the weight of the reagent
grades Gd,03, CaCOs3, and CuO, which were determined by weighing them. The raw
materials were weighed according to the composition GdCa,Cu30;s and mixed thor-
oughly in an agate mortar. The powders were pressed into pellets and calcined in the
air in a box furnace for 24 h at 800°C. After the pellets were sintered at 950°C in the
air for 24 h (Figure 2).

The first step in sintering is the rapid formation of bridges between the particles in
contact. Several mechanisms described in Figure 2 explain bridge formation. There is
a transport of material from the surface of the grain or the center of the grain joint to
the bridges. The diffusion of material can occur through surface, volume, vapor phase,
or grain boundaries [13]. Obtaining thermodynamically stable phases at high temper-
atures through solid-state diffusion is achievable using the solid-state reaction
method, also known as the ceramic method [14]. Ceramics are a diverse class of
compounds such as monolithic or composite ceramics [15] (Figure 3).

3. Dielectric properties of ceramics

Insulating materials are known for not conducting current in an electric field.
However, a microscopic approach to these phenomena allows us to distinguish more
subtly between the dielectric aspect.

The nineteenth-century English Michael Faraday studied the ability of a system
to store an electrical charge, he is honored with the unit “Farad” (symbol F) [16].
The capacitance of a system of two charged parallel plates with electrodes of area s
separated by a distance e and filled with a material of relative permittivity €', is
given by:

C =0 (1)
e

With g, being the dielectric constant of vacuum.
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Figure 2.
A flow chart provided for developing GdCa,Cu;0; using a solid-state reaction method and SEM micrograph of
ceramic [11, 12].
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Figure 3.
Overview of the classification system of ceramics [15].

3.1 Different types of polarization mechanism in dielectrics materials

The dielectric constant (e,) is the property of a material that can polarize in an
electric field with an alternating current. Its expression is as follows (Eq. 2):

e* (f) =£(f) —ie'(f) )
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The polarization response of the dielectric to an applied electric field can be
represented by the real part (&) of the dielectric constant, which is related to the
capacitance of the material. Energy dissipation such as heat or other forms of energy
loss is represented by the imaginary part of the dielectric constant (¢//). The imaginary
part is a result of the material’s inability to produce real-time polarization when
changing the oscillation frequency [17].

The total polarization of a dielectric is the sum of four sources of charge displace-

ment: space charge (or interfacial) displacement (1?1-), the orientation of permanent
dipoles Wo), ionic (atomic) displacement F}u), and electronic displacement (Fe)
[18]:

—

— — — —
P =P+ P, +P,+P. (3)

Figure 4 shows the contribution of space charge, dipole orientation, ions, and
electrons to the overall polarization mechanism in dielectric materials.

The frequency dependence of polarization means that the dielectric constant must
also depend on the frequency, as shown in Figure 4. Each polarization mechanism has
a characteristic frequency that is limited. The frequency range for space-charge (-
interface-charge) polarization is generally between 0 and 10° Hz. The accumulation of
charge carriers is the name for interfacial polarization, which is a term used to
describe Maxwell-Wagner Sillars interfacial polarization [19]. Dipolar polarization
occurs when a material initially possesses dipoles that are randomly oriented with an
overall dipole moment of zero. Under the effect of an applied electric field, the dipoles
orient according to the field. This results in the appearance of a non-zero dipole
moment. This polarization is strongly influenced by temperature and frequency [20].

e%(w)

JLILR =

Space charge ~ Orientation | Tlonic | Electronic
__polarization = polarization = polarization | polarization

Frequency (Hz)

Figure 4.
Complex dielectric constant as a function of frequency and types of polarization mechanism in dielectric materials

[19].
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Ionic polarization is the physical transport of ions (positive and negative) in materials.
The cations and anions become attracted to opposite directions when an electric field
is applied. A relatively large ionic displacement is created, which can result in high
dielectric constants in ceramics commonly used in capacitors [21]. The electronic
polarization occurs in all atoms when an electric field is applied. The occurrence of
electronic polarizations is caused by the distorted negative electrons and positive
nuclei in an atom, which are in opposition to the external electric field, resulting in
electric dipole moments, which occur at infrared frequencies. Electrons can follow
high-frequency fields up through the optical range because of their small mass [22].

3.2 Polarization and relaxation mechanisms in dielectric materials GdCa,Cu30;

By measuring the real and imaginary parts of the impedance, we can calculate the
frequency-dependent permittivity:

/ _ € _Z//(f)

) = 5 70 (4
" _ € Zl(f)

) = 5o 7 (5)

The relative permittivity and capacitance of GdCa,Cu30s were analyzed
by measuring the frequency (100-1.3 MHz) and the results are shown in
Figure 5(a, b).

Figure 5(a) shows that the low-frequency range in the dielectric GdCa,Cu305
ceramic has an elevated permittivity plateau that is a result of the grain boundary
(GB) contribution. The intrinsic bulk (grain) response of the studied compound is
represented by the high-frequency plateau of the permittivity. At low frequencies, the
data indicate that the permittivity from the grain boundary remains constant
(¢, = 10*) over a wide frequency range, but drops in the MHz region. Below 270 K, it
is seen to have a signature of a second high-frequency plateau that = 10%) is visible in
the high-frequency range. In the framework, the grain boundary and grain capaci-
tance plateaus shown in the capacitance plot versus frequency (Figure 5(b)) are both
only an approximation for Cg, (Cgp, = 10 ' F) and Cg (Cq = 10°F) respectively. The
dielectric behavior of the investigated ceramic is comparable to those reported in the
CCTO compound [23, 24].

The reported results in Figure 6 indicate that the dielectric characteristics of
ceramic GdCa,Cu3Os are highly significant, with a low dielectric loss tan 6 = 0.2 at 1
KHz. Furthermore, we discovered the existence of tan & relaxation moves to high-
frequency values but is suppressed after 415 K. The density of the material and the
grain boundary resistance are two factors that affect the dielectric loss value [25]. The
ceramic’s low dielectric loss, elevated dielectric constant (10*), and stability over a
wide temperature range make it a suitable candidate for various capacitor types [26].
Various parameters, like annealing temperature, substitution, and nanoparticle addi-
tion, can be used to enhance the dielectric performance of ceramic materials [27, 28].

At room temperature, both samples showed high permittivity (10*) with low
losses (tand = 0.2). This behavior is also present in a renowned high permittivity
material, CaCuTiO [29]. The activation of dielectric relaxation is indicated by the
dielectric loss peak which accompanies the decrease in relative permittivity. The
frequency decreases result in the appearance of dielectric loss peaks (Figure 7(a)).
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Figure 5.
Evolution of the, (a) dielectric permittivity (€°), and capacitance (C) as a function of the frequency for the studied
compound at various temperature values [11].
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Figure 6.
Evolution of the loss tangent (tan 8) as a function of the frequency for the studied compound at various temperature
values [11].
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(a) Frequency dependence of a dielectric constant and dielectric loss at room temperature, (b) complex impedance
spectroscopy, (c) Idealized equivalent civcuit model to account for GB and bulk, and (d, e) Internal barrier layer
capacitor (IBLC) structuve for GACa,Cu;0; [12].

A heterogeneous microstructural system is responsible for these behaviors, which can
be represented by a sequence of semiconductor grains and insulating grain bound-
aries. Impedance spectroscopy can define and characterize each of these contribu-
tions. According to the literature, the ceramic has an electrically heterogeneous
microstructure that is caused by the significant variance in grain and boundary resis-
tances (Figure 7(b)) [30]. The GdCa,Cu30;s ceramic’s dielectric constant stability,
order, and losses are controlled by the formation of internal barrier layer capacitance,
which is the main responsible factor. It has been established that impedance spectros-
copy detects different dielectric relaxation processes, including those found at the GB
and bulk regions. In the simplest case, the brickwork layer model describes each
grain’s boundary or grain type contribution as a single RC circuit element that consists
of a resistor and capacitor in parallel. The RC model works particularly well for
insulators like dielectrics, where the capacitor describes the material’s charge-storage
capability and the parallel resistor describes the leakage current due to some un-
trapped carriers bypassing the ideal charge-storage element [31]. In reality, the
dielectric relaxation processes in electrical ceramics are usually not ideal, and, there-
fore, experimental data cannot usually be modeled by ideal RC elements. To fit the
data to an adequate equivalent circuit model, the non-ideality in a particular dielectric
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relaxation can be accounted for in the element by connecting a constant phase ele-
ment (CPE) by replacing the ideal capacitor (Figure 7(c)) [32].

Generally, the variation of Z* as a function of frequency is given by the following
relationship:

1
Z* cpp = ———— 6
CPE Q (]a))(l ( )

The complex impedance depends strongly on the pseudo-capacitance Q and the
exponent o (0 < o <1) [33]. For a pure capacitance a = 1 and a pure resistance o = 0
(Figure 8). It is possible to determine the phase angle (angle of depression) and
capacitance (C) by analyzing the value of the exponent o.

p=(1-a) 7)

NN

C = (QR™)" (8)

The high relative permittivity of this material is associated with an effective inter-
nal insulating barrier or IBLC model, resulting in strong interfacial polarization [34].
Therefore, the high permittivity levels in the tested compound are related to the
average area of the GB layer, the thickness of the GB layer, and the charge carriers that
have accumulated at the GBs. Based on the IBLC dielectric model, conducting crys-
talline regions, insulating barriers, and grains/sub-grains effects are all factors that
affect the dielectric loss of the ceramic being studied. This phenomenon is primarily
attributed to various mechanisms of polarization and hopping (Figure 7(d, e)). The
ceramic has a complex microstructure where the grain boundaries play a crucial role.
The interfaces between grains can form capacitor-like structures due to the accumu-
lation of charges, contributing to the overall dielectric constant. Based on the IBLC
model, total relative permittivity (e,) is related to grain boundary permittivity ejg,
grain thickness (1), and grain boundary thickness (lg,) by the following relationship
[35]:

l

g
g}, = ggb l_ (9)
gb
a R —a=1
&l M —_ —a=0.8
! e —a=04

[ — — I

CPE e

f0Hz
Z-R

Z(2)

Figure 8.
Nyquist plot with diffevent values of the exponent a (0 < a <1) [33].
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According to the above relationship, the relative permittivity of a ceramic can be
improved by reducing the thickness of grain boundaries and increasing grain size. In
this case, Maxwell-Wagner polarization can significantly enhance the dielectric
response (the high dielectric constant and low loss tand).

Other research groups have attributed the colossal dielectric response to the effect
of hopping polarization. In this case, free electrons cause a distribution of space
charges (oxygen vacancies Vj and electrons) at the grain boundaries [36]. In our
case, such conduction may be governed by electron transport based on mixed valence
Cu®*/Cu®" (p-type) [37]. The following relationships can express the process of Cu®*
reduction to Cu”* and the appearance of oxygen vacancies in the compound
GdC&zCU30§ [38, 39]

0% — Vi +¢ +1/2 0,1 (10)

Cu®t +1¢ — Cu?t (11)

The dielectric constant of ceramic can fluctuate due to changes in Cu density,
different oxidation states because of the Cu element, and particle size variations.

3.3 Analytical models of uniform dielectrics

To characterize the properties of dielectric materials, the Debye equation is one of
the most classical models, which explains relaxation phenomena in ceramics well. In
the ideal case, the dipoles have the same relaxation time t. These dipoles do not
interact with each other.

The complex permittivity (¢*) of the Debye function can be expressed as follows
[40].

n & — Eoo
“ 14wt

¥ =¢

(12)

where ¢, is the dielectric constant at high frequencies, ¢ is the static dielectric
constant at low frequencies,  is the angular frequency, and 7 is the relaxation time.
For the Debye model case, the Nyquist diagram corresponds to a semicircle with a
maximum loss factor €', at the top of the circle obtained for wz = 1. In this case,
€' max 1s related to g and ¢, by the expression as follows:
7/ & — Eoo

= (13)

€ max 2

gs and &, represent the intersections of the circle with the x-axis (Figure 9(a)).
The frequency spectrum obtains the dielectric constant results according to the Debye
equation (Table 1), as demonstrated in Figure 9(b). A Debye-type dielectric relaxa-
tion is characterized by a steady €', value that then drops rapidly, while €', shows a
broad peak that passes through a maximum at relaxation frequency £, (Figure 9(b)).

Generally, in a Debye system, while in Maxwell- Wagner system, at low-frequency
region. The origin of heterogeneity-generated Maxwell-Wagner relaxations is likely
due to the surface’s roughness in a Schottky-diode mechanism or from the distribution
of grain and grain boundary sizes in ceramic compounds [41]. Furthermore, the
omnipresent hopping conductivity commonly leads to the typical power-law
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(a) Evolution of €' as a function of €, and (b) variation of ¢ and €' versus frequency at voom temperature [40].
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1+a?7? T 1+’
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¢ = ew + (& — £2) 1+ () sin (%) "

. 1+ ()" cos (%)
W £ = (6‘5 - goo)

142(wr)“ sin (%)Jr(a)r)zfz"

Modeéle de Havriliak € = e+ (& — £a0) cos (Bp) . & = (& — €wo sin (—fp) .
Negami [1+2(mr)" cos (%)+(a}1)2"]2 [1+2(mr)" cos (%)Jr((m)z"]z
Table 1.

Variation of € and €' as a function of temperature using different models.

frequency dependences of the UDR. The Debye equation describes the phenomenon

of relaxation for a pure dielectric. To reflect this mixed behavior, the contribution of

the static conductivity 64, can then be inserted into the Debye equation, which
becomes the modified Debye equation:
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Figure 10.
The imaginary part of the permittivity as a function of frequency at room temperature [12].

& — &0 . 04

(14)

" =¢ —_— =1
“ 14wt e

The 64./(eow) term in the loss expression corresponds to the contribution of DC
conductivity (64c).
The imaginary part of the permittivity versus frequency at room temperature as

shown in Figure 10. In this system, the dielectric loss (8;’ a "fi) decreases linearly

with increasing frequency. The movement of charge carriers within the sample
becomes significant and results in an increase in dielectric losses.

The Debye relaxation model accurately defines the dielectric behavior of various
gaseous and liquid materials that contain dipolar molecules [42]. However, most
solids have a loss peak much broader and cannot be expressed by a single relaxation
time, but instead by a distribution of relaxation times. Since the Debye model cannot
correctly predict the dielectric response of numerous materials, several relaxation
functions have been developed from the Debye model. For this reason, Cole-Cole,
Davidson-Cole, and Havriliak Negami have proposed models to account for this
relaxation time distribution [43]. Furthermore, empirical exponents have been used
to increase the number of relaxation times. To fit the equivalent circuit to the ideal
Debye behavior, a constant phase element (CPE) is suggested.

According to the fitting result in Figure 11, the dielectric response of our sample
cannot be explained by Debye’s model. The classical Debye equation does not fully
explain the relaxation process in materials with multiple dispersions or possibly mul-
tiple defects. According to the Cole-Cole and Havriliak Negami models, the complex
dielectric permittivity is given by the following relationship [44]:

& — Eoo

e (15)
(1+ (iwr)")”

E% = €5 +

The factors « (0 < a <1) and B (0 < < 1) control the distribution width of the
relaxation time and the asymmetry of the loss peak, respectively. The case where = 1
corresponds to the Cole-Cole model. The expression of ¢ and &” as a function of
temperature using different models is summarized in Table 1.

84



Conduction Mechanisms and Permittivity: Conductivity Correlation in the Gd-Based...
DOI: http://dx.doi.org/10.5772 /intechopen.1007457

6000
(a) = Experimental data !
----- Debye model f
==+ = Havriliak - Negami model i
#seses Cole-Cole model i
4000
-
2000

6000

Debye model

10° F
-
Havriliak - Negami
41
10" Cole- Cole
. ) ‘ . ' .
10 10’ 10° 10° 10° 10
Frequency (Hz)

0 R (©) . 30°C

relaxation process

Debye model

Cole- Cole model

Havriliak - Negami model

! 1 ) ! !
10' 10° 10° 10° 10° 10° 107 10°

Frequency (Hz)

Figure 11.

(a) Nyquist plot of permittivity spectra, variation of (b) veal part, and (c) imaginary part of permittivity at room
temperature fitted with different models [11, 12].

The experimental and fitting (Debye, Cole-Cole, and Havriliak Negami) variation
of ¢ as a function of ¢, ¢/, and &” versus frequency is shown in Figure 11(a). From
Figure 11(b, c), the fitting of the Cole-Cole model and the Havriliak Negami model is
significantly better than the Debye model.

The fitting value of the characteristic parameters €, €q,, T, 04, @, and p of the three
models are indicated in Table 2. Therefore, the best model to characterize the
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Model g €oo T (s) o i} 64c (S.em™)

Debye 5171 41 3.10°° — — —

Cole-Cole 5165 41 3.107° 0.86 1 9.107°

Havriliak Negami 5162 41 4107 0.9 0.85 9.107°
Table 2.

Parameters €, €, 7, opc, @, and p of dielectric models.

dielectric relaxation of GACaCuO is the Havriliak Negami model with characteristic
parameters o = 0.9 and p = 0.85.

The ¢, generated by the dipole polarization is due to the fast oscillation of the
alternating electric field, which results in the dipole following and the dipole
remaining essentially in motion. The § factor is caused by one or more types of
polarization.

4, Conduction mechanisms in dielectric materials

The microstructure of oxides significantly impacts their electrical transport prop-
erties and relaxation phenomena. The microstructure of perovskites frequently
includes grains separated by grain boundaries. This morphology greatly influences the
conductivity of perovskites and the activation of most conduction mechanisms.
Ceramic structures have temperature-dependent conductivity variations influenced
by various factors, including percolation thresholds, inter-grain or inter-particle dis-
tance, and the insulating layer or energy barrier. Conductive grains are arranged in
particle chains separated by an insulating layer or barrier to ensure the transfer of
charge carriers between conduction sites. Both factors that are characteristic of the
insulating barrier have a profound effect on the electrical transport mechanisms. For
perovskites, transport phenomena are also explained in terms of the resistance of
grains (Rg) and grain boundary (Rgb).

Figure 12 depicts the variation of resistance (R) with temperature for grain and
grain boundary. The graph shows that the resistance (R) for the sample decreases with
temperature indicating the thermal activation of electrical conduction. The semicon-
ductor nature of the synthesized ceramic was bolstered by the thermal decrease in
electrical resistance.

Figure 12 indicates that the Rg resistance is usually lower than the Ry, resistance,
which means that the conduction phenomena in the studied compound are mostly
dominated by the intergranular domains [45].

Electrical conductivity is highly influenced by frequency and temperature varia-
tion in many materials. The double Jonscher law describes each conductivity spectrum
in the present work [46].

o(®,T) =04(T)+A(T) & +B(T) ™ (16)

The term o4, explains the variation of DC electrical conductivity, A and B two
constants. Two frequency exponents, s; and s, (in the range 0-1), describe the degree
of interaction between mobile charges and provide information about the origin of
electrical conduction.
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Figure 12.
Resistance of (a) grains (Ry), and (b) and grain boundaries (Ry,) as a function of temperatuve deduced from the
equivalent civcuit [12].

The conductivity (DC) and temperature dependences of the frequency exponents
(s1 and s,) for the sample at the selected temperatures are depicted in Figure 13.

In terms of DC conductivity, Mott considered that the transport properties in
dielectric materials are achieved by thermal activation of the self-caught small
polarons into intermediate states [47]. The Small Polaron Hopping (SPH) mechanism
is the appropriate model for describing DC conductance at high temperatures. In
Figure 14 (bottom and left), the evolution of In (64, x T) is shown in relation to the
inverse of the temperature (1000/T) for the material. The linear curve is able to
approve the thermal activation of the SPH mechanism at elevated temperatures. The
temperature dependence of DC conductivity can be described by the following rela-
tion at this temperature range.
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Figure 13.
Frequency dependences of the electrical conductivity (o,.) at selected temperatures [12].
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The variation of In(opc.T) as a function of the inverse of temperature (1000/T) (bottom and left) and In(opc)
versus 1/T<1/4) (top and right) [12].

04(T) = 6—,1? . exp (;Ef?) 17)

The parameter o is a pre-exponential factor that is independent of temperature.
The activation energy E, = 0.24 eV is required to move the charge carrier between two
conducting sites. Dielectric relaxation occurs because oxygen vacancies have a lower
activation energy than dipoles due to the same reorientation process [48].

At lower temperatures, the conduction mechanisms of perovskite are typically
impacted. The linear variation shows that the VRH conduction mechanism dominates
in the lower temperature range, as confirmed by the evolution of In (c4.) as a function
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of T V4 (Figure 14 (top and right)). The VRH model defines the temperature depen-
dence of electrical conductivity based on the Mott-VRH law [49].

O = 606_(T0/T)1/4 (18)

The parameters 60 = be 1.07x10” S.cm ™" and T = 1.3x10® K have been determined.
Jonscher’s power law can be used to describe the frequency-dependent dielectric
response of localized carriers. The conductivity spectra for the studied compound

were deduced from the dielectric plots using the universal dielectric response UDR
model [50]:

, tan(sz/2)oo(T) 1)1 s(T)—1
¢ = e pms gy 19

Therefore, plotting f.er’ as a function of frequency at a given temperature should
result in a straight line with a slope of s; and s,. In Figure 15, the lines show the fitting
curves of experiments based on Eq. 19.

The thermal activation of the electrical transport mechanism is confirmed by the
observed variation in the’s1 and s2 values in Figure 16, which shows that the temper-
ature activates it. It also proves that hopping and tunneling are the potential mecha-
nisms that govern transport properties [51]. According to the linear fit, the values of
exponents s; and s, are depicted in Figure 16.

The value of s; confirms that the Quantum Mechanical Tunneling (QMT) conduc-
tion process governs electrical conductivity [52]. In the QMT model, s; is independent
of temperature, but rather dependent on frequency. The QMT model is founded on
particle transport through a network of interconnected chains of particles or sites. The
particles are separated by a thin layer that prevents them from having direct contact
with each other (inset Figure 16(a)). The insulating layer’s thinness allows for elec-
tron transfer from one conducting particle to another through tunneling.

The second frequency exponent (s,) temperature dependence validates the influ-
ence of the correlated barrier hopping mechanism on the transport properties of the
investigated compound. When the temperature increases, the frequency exponent

e tan(s / 2)o, (1)
10 &,

FO = A(T)

220K @ 260K
@ 280K @ 330K
@ 370K @ 410K

Frequency (Hz)

Figure 15.
Plot of (f.€,') as a function of frequency at a given temperature for the GdCa,Cu;O5 ceramic [12].
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Figure 16.
Variation of the frequency exponents s, and s, with temperature for the ceramic of GdCa,Cu;O05 [12].

decreases in the CBH model. This transport mechanism is influenced by frequency
and temperature. The conduction is also supported by chains of particles or grains
(inset Figure 16(b)). Specifically, electrons move between two conductive sites that
are separated by distances, called inter-site or inter-particle distances, which are much
larger than the tunnel barrier (tunnel characteristic distance).

5. Advanced ceramics for energy applications

Advanced ceramics play a crucial role in various energy applications due to their
unique properties that can withstand extreme conditions such as high temperatures,
corrosion, and wear. Advanced ceramics with additional functionality can greatly
increase their potential impact on energy and environmental technologies. They are
utilized in energy-related applications, including energy conversion, photovoltaics,
energy storage, supercapacitors, lithium-ion, and capacitors (Figure 17) [53].

The discovery of a new ceramic (GdCa,Cu305) has recently drawn much attention
due to its extremely high dielectric constant (¢’ = 10*) and low loss (tand = 0.2).
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Letter code Number code Letter code
Low temperature Upper temperature Change of capacitance
Over the temperature range

X = —55°C(—67°F) 4 = +65°C (+149°F) P=410%
Y = —30°C (—22°F) 5= +85°C (185°F) R=+15%
Z = +10°C (+50°F) 6 = +105°C (+221°F) S =+ 22%
7 = +125°C (257°F) T = +22/ —30%
8 =150°C (+302°F) U = + 22/ —56%
9 = +200°C (+392°F) V= +22/ -82%
Table 3.

The American Electronic Industries Alliance (EIA) Standards [55].

This material can potentially be utilized in various microelectronics device applica-
tions, including multilayer capacitors (MLCC) [54]. Furthermore, for each frequency
value examined, the permittivity of the studied ceramic reveals a temperature-
independent region with elevated values of &," and excellent temperature stability. In
addition to the high relative permittivity value (e,') with good temperature stability
(Figure 18(a)) and a low dielectric loss factor (tand), the temperature coefficient of
the dielectric constant (A¢g’) is a crucial factor to consider when analyzing the dielec-
tric performance of commercial electronic devices. The relationship below was used to
calculate the variation of A¢/(T) for the GdCa,Cu305 ceramic at select frequency
values.

o
Ae =530 5 100 (20)
€30

where e1’ and €3¢’ are ¢’ at T °C and 30°C, respectively.

Over a wide temperature range (—30-125°C), the A¢'(T) value of the GdCa,Cu30;
sample is less than +15% (Figure 18(b)). Therefore, it is recommended that the
GdCa,Cu30; ceramic has potential use for the EIA code Y5R and Y6R capacitors. Y5R
and Y6R capacitor codes have been designated by the American Electronic Industries
Alliance (EIA) Standards (Table 3). Y’ specifies a minimum operating temperature of
- 30°C, whereas the ‘5’ and ‘6’ specify maximum temperatures of 105°C and 125°C,
respectively [55].

6. Conclusion

To conclude, studying the correlation between polaron conduction and colossal
permittivity in GdCa,Cu305 (¢’ = 10*) has provided valuable insights into the electri-
cal properties of the material. We have established a clear link between these two
phenomena using a modified equivalent circuit based on the internal barrier layer
(IBL) model. This correlation highlights the complex interaction between the struc-
ture and the dielectric properties.

To comprehend the dielectric polarization of GdCa,Cu;0s, it is necessary to
examine the various mechanisms that contribute to its high dielectric constant and its
behavior at various temperatures. The defect chemistry of the compound can explain
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electronic heterogeneity in GdCa,Cu305 ceramics, which consist of insulating GB and
semiconducting grains regions. Two distinct defect mechanisms may explain the giant
dielectric response. According to the Maxwell-Wagner behavior observed, the high
dielectric constant is caused by enhanced interfacial polarization rather than relaxa-
tion polarization.

By using the distribution function, a hopping conduction model of localized electrons
can successfully explain DC conductivity (by variations in Cu content). It has been
proven that dielectric relaxation is strongly linked to the hopping electrons in the localized
states. The small polaron hopping processes (SPH) at high temperatures and variable
range hopping (VRH) processes at low temperatures were responsible for the electrical
transport. The double Jonscher power law has been utilized to analyze the conductivity
spectrum. The frequency exponent’s variances are responsible for describing the AC
electrical characteristics of the studied system by activating correlated barrier hopping
(CBH) and quantum mechanical tunneling (QMT) conduction processes.

The findings contribute to both fundamental understanding and practical applica-
tions of GdCa,Cu305 in advanced electronic devices, sensors, capacitors, and related
technologies. Future research should continue to explore how these insights can be
harnessed to optimize material design and enhance performance in various electrical
and energy storage applications. By further refining our understanding of polaron
dynamics and permittivity mechanisms in GdCa,Cu30s, we can pave the way for
innovative solutions that leverage its unique electrical properties. Astonishingly,
GdCa,Cuz0; ceramic specimens sintered at 950°C exhibited high e,” with temperature
stability of <+15% over a wide range of —30-105°C. Therefore, this sample is pro-
posed to be a promising material for the EIA code Y5R, and Y6R capacitors.

Acknowledgements

This work was supported by Faculty of Science of Bizerte, University of Carthage,
Tunisia. Laboratory of Physics of Materials: Structure and Property.

Conflict of interest
The authors whose names are listed immediately below certify that they have no

affiliations with or involvement in any organization or entity with any financial
interest in the subject matter or materials discussed in this manuscript.

93



Advanced Ceramics Materials — Emerging Technologies

Author details
Khouloud Moualhi* and Mouldi Zouaoui*
Faculty of Science of Bizerte, Laboratory of Physics of Materials, Structure and

Property LRO1ES15, University of Carthage, Tunisia

*Address all correspondence to: khouloud.moualhi@fsb.u-carthage.tn and zouaoui.
mouldi@fsb.u-carthage.tn

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

94



Conduction Mechanisms and Permittivity: Conductivity Correlation in the Gd-Based...

DOI: http://dx.doi.org/10.5772 /intechopen.1007457
References

[1] Tabares FL, Junkar I. Cold plasma
systems and their application in surface
treatments for medicine. Molecules.
2021;26:1903. DOLI: 10.3390/
molecules26071903

[2] Autret-Lambert C, Merad S, De
Almeida-Didry S, Roger S, Gervais F.
Effect of MnO on the dielectric
properties of Nb-SrTiO3 ceramics for
capacitor applications. ACS Applied
Engineering Materials. 2023;1:68-79.
DOI: 10.1021/acsaenm.2c¢00013

(3] Hao H, Liu M, Liu H, Zhang S, Shu X,
Wang T, et al. Design, fabrication and
dielectric properties in core-double shell
BaTiOs-based ceramics for MLCC
application. RSC Advances. 2015;5:
8868-8876. DOI: 10.1039/C4RA13367F

[4] Pecharroman C, Esteban-Betegén F,
Bartolomd ], Lopez-Esteban S, Moya J.
New percolative BaTiO3-Ni composites
with a high and frequency-independent
dielectric constant (er ~ 80000).
Advanced Materials. 2001;13:1541.
DOI: 10.1002/1521-4095

[5] Shirakawa H. Discovery of
conductive polymers and conductive
mechanism. Journal of Chemistry and
Education. The Chemical Society of
Japan. 2019;67:82-85. DOI: 10.20665/
kakyoshi.67.2_82

(6] Almeida-Didry SD, Merad S, Autret-
Lambert C, Nomel MM, Lucas A,
Gervais F. A core-shell synthesis of
CaCu3Ti404, (CCTO) ceramics showing
colossal permittivity and low electric
losses for application in capacitors. Solid
State Sciences. 2020;109:106431.

DOI: 10.1016/j.solidstatesciences.2020.
106431

[7] Feng L, Denghui J, Yinghao Z,
Yumei T, Hongyu Y, Zhimin L.

95

Achieving large strain and low hysteresis
in BiFeO3-BaTiO5-based piezoelectric
ceramics. Ceramics International. 2024;
50:27846-27855. DOI: 10.1016/j.
ceramint.2024.05.081

[8] Nickolay G, Studenikin SA,

Michael C. Properties of dielectric
BaTiO; thin films prepared by spray
pyrolysis. Chemistry of Materials. 1998;
10:2000-2005. DOI: 10.1021/cm980153

[9] Shi JB, Hsu Y, Lin CT. Dielectric
properties of Gd,CuO,. Physica C:
Superconductivity. 1998;299:272-278.
DOI: 10.1016/50921-4534(98)00038-0

[10] Ilyas J, Fatima C, Wissal B, El
Hassan Y, Amine B, Soufian EL B, et al.
Synthesis and characterization of new
doped dielectric materials based on
CaCu3Ti404, (CCTO) applied at high
temperature. Journal of Solid State
Chemistry. 2024;331:124506.

DOI: 10.1016/j.jssc.2023.124506

[11] Moualhi K, Chouk W, Moualhi Y,
Othmani A, Zouaoui M. Novel high
intrinsic permittivity in new perovskite
ceramic GdCa,Cu305. Materials
Chemistry and Physics. 2023;312:128663.
DOI: 10.1016/j.matchemphys.2023.
128663

[12] Moualhi K, Moualhi Y, Zouaoui M.
Investigation of conduction mechanisms
and permittivity—conductivity
correlation in a Gd-based perovskite
structure. RSC Advances. 2024;14:
4142-4152. DOI: 10.1039/D3RA08703D

[13] Mazlan MR, Jamadon NH, Rajabi A,
Sulong AB, Intan FM, Farazila VY, et al.
Necking mechanism under various
sintering process parameters—a review.
Journal of Materials Research and
Technology. 2023;23:2189-2201.

DOI: 10.1016/j.jmrt.2023.01.013



Advanced Ceramics Materials — Emerging Technologies

[14] Elbashir S, Brostrom M, Skoglund N.
Thermodynamic modelling assisted
three-stage solid state synthesis of high
purity p-Ca3(PO,),. Materials and
Design. 2024;238:112679. DOI: 10.1016/j.
matdes.2024.112679

[15] Stefano G, Thompson VP,

Ferencz JL, Nelson RFA, Estevam BA. A
new classification system for all-ceramic
and ceramic-like restorative materials.
International Journal of Prosthodontics.
2015;28:227. DOI: 10.11607/ijp.4244

[16] Ballou G. Resistors, capacitors, and
inductors. In: Ballou GM, editor.
Handbook for Sound Engineers.
Routledge; 2013. pp. 253-284. DOLI:
9780080927619

[17] Cyriac ], Kalarikkal N, Mathew S,
Augustine S. Rare earth doped BiFeO3
multiferroic system: Optical, dielectric,
and magnetoelectric coupling properties
and applications. In: Thomas S,
Kalarikkal N, Abraham AR, editors.
Applications of Multifunctional
Nanomaterials. Elsevier; 2023. pp. 43-55.
DOI: 10.1016/B978-0-12-820557-
0.00001-1

[18] Kim MP, Um DS, Shin YE, Ko H.
High-performance triboelectric devices
via dielectric polarization: A review.
Nanoscale Research Letters. 2021;16:35.
DOI: 10.1186/511671-021-03492-4

[19] Du G, Wang J, Liu Y, Yuan J, LiuJ,
Cai C, et al. Fabrication of advanced
cellulosic triboelectric materials via
dielectric modulation. Advanced
Science. 2023;10:2206243. DOI: 10.1002/
advs.202206243

[20] Wu M, Bichler KJ, Jakobi B,
Schneider GJ. On the Determination of
the Transition to Pure Reptation by
Dielectric Spectroscopy. arXiv preprint
arXiv:2104.12841. 2021. DOI: 10.48550/
arXiv.2104.12841

96

[21] Liu S, Shen B, Zhai HHJ. Glass-
ceramic dielectric materials with high
energy density and ultra-fast discharge
speed for high power energy storage
applications. Journal of Materials
Chemistry C. 2019;7:15118-15135.

DOI: 10.1039/C9TC05253D

[22] Gong G, Ding J, Wang C, Zhang Y,
Guo Y, Song K, et al. Defect-induced
dipole polarization engineering of
electromagnetic wave absorbers: Insights
and perspectives. Composites Part B:
Engineering. 2023;252:110479.

DOI: 10.1016/j.compositesb.2022.110479

[23] Liu J, Smith RW, Mei WN. Synthesis
of the giant dielectric constant material
CaCu3Ti404; by wet-chemistry methods.
Chemistry of Materials. 2007;19:
6020-6024. DOI: 10.1021/cm 0716553

[24] Schmidt R, Sinclair DC. Anomalous
increase of dielectric permittivity

in Sr-doped CCTO ceramics Ca;-

x5 Cu3Ti Oqp. Chemistry of Materials.
2010;22:6-8. DOI: 10.1021/cm903220z

[25] Mao P, Wang J, Xiao P, Zhang L,
Kang F, Gong H. Colossal dielectric
response and relaxation behavior in
novel system of Zr** and Nb>* co-
substituted CaCu3Ti4O4, ceramics.
Ceramics International. 2021;47:111-120.
DOI: 10.1016/j.ceramint.2020.08.113

[26] Palneedi H, Peddigari M,

Hwang GT, Jeong DT, Ryu J. High-
performance dielectric ceramic films for
energy storage capacitors: Progress and
outlook. Advanced Functional Materials.
2018;28:1803665. DOI: 10.1002/
adfm.201803665

[27] Elliott SR, A. c. Conduction in
amorphous chalcogenide and pnictide
semiconductors. Advances in Physics.
1987;36:135-217. DOI: 10.1080/
00018738700101971



Conduction Mechanisms and Permittivity: Conductivity Correlation in the Gd-Based...

DOI: http://dx.doi.org/10.5772 /intechopen.1007457

[28] Ghosh A, Sural M. Conductivity
spectra of sodium fluorozirconate

glasses. The Journal of Chemical Physics.

2001;114:3243-3247. DOI: 10.1063/
1.1343073

[29] Singh L, Rai US, Mandal KD,

Singh NB. Progress in the growth of
CaCu;Tis04, and related functional
dielectric perovskites. Progress in
Crystal Growth and Characterization of

Materials. 2014;60:15-62. DOI: 10.1016/].

pcrysgrow.2014.04.001

[30] Liu L, Fan H, Fang P, Jin. Electrical
heterogeneity in CaCu3Ti,01;

ceramics fabricated by sol-gel method.
Solid State Communications.
2007;142:573-576. DOI: 10.1016/j.
$sc.2007.04.005

[31] Orazem ME, Frateur I, Tribollet B,
Vivier V, Marcelin S, Pébére N, et al.
Dielectric properties of materials
showing constant-phase element (CPE)
impedance response. Journal of the
Electrochemical Society. 2013;160:215.
DOI: 10.1149/2.033306jes

[32] Abram EJ, Sinclair DC, West AR. A
strategy for analysis and modelling of
impedance spectroscopy data of
Electroceramics: Doped lanthanum
gallate. Journal of Electroceramics.
2003;10:165. DOI: 10.1023/B:
JECR.0000011215.56084.87

[33] Balaguera EH, Romero B, Najafi M,
Galagan Y. Analysis of light-enhanced
capacitance dispersion in perovskite
solar cells. Advanced Materials
Interfaces. 2022;9:2102275.

DOI: 10.1002/admi.202102275

[34] Wang Y, Jie W, Yang C, Wei X,
Hao J. Colossal permittivity materials as
superior dielectrics for diverse
applications. Advanced Functional
Materials. 2019;29:1808118.

DOI: 10.1002/adfm.201808118

97

[35] Didry SDA, Autret C, Lucas A,
Pacreau F, Gervais F. Comparison of
colossal permittivity of CaCu3Ti401,
with commercial grain boundary barrier
layer capacitor. Solid State Sciences.
2019;96:105943. DOI: 10.1016/j.
solidstatesciences.2019.105943

[36] Luo XJ, Liu YS, Yang CP, Chen SS,
Tang SL, Barner K. Oxygen vacancy
related defect dipoles in CaCu3TisO1y:
Detected by electron paramagnetic
resonance spectroscopy. Journal of the
European Ceramic Society. 2015;32:
2073-2081. DOI: 10.1016/j.
jeurceramsoc.2015.01.024

[37] Li M, Feteira A, Sinclair DC, West AR.
Influence of Mn doping on the
semiconducting properties of CaCu3Ti4O1,
ceramics. Applied Physics Letters. 2006;
88:23. DOI: 10.1063/1.2200732

[38] Li], Sleight AW, Subramanian MA.
Evidence for internal resistive barriers in
a crystal of the giant dielectric constant
material: CaCu3TisO1,. Solid State
Communications. 2005;135:260-262.
DOI: 10.1016/j.55¢.2005.04.028

[39] Feng L, Tang X, Yan Y, Chen X,
Jiao Z, Cao G. Decrease of dielectric loss
in CaCu;TisO4; ceramics by La doping.
Physica Status Solidi (a). 2006;203:R22-
R24. DOI: 10.1002/pssa.200622038

[40] Cole KS, Cole RH. Dispersion and
absorption in dielectrics I. Alternating
current characteristics. The Journal of
Chemical Physics. 1941;9:341-351.
DOI: 10.1063/1.1750906

[41] Li W, Auciello O, Premnath RN,
Kabius B. Giant dielectric constant
dominated by Maxwell-Wagner
relaxation in Al,O3/TiO, nanolaminates
synthesized by atomic layer deposition.
Applied Physics Letters. 2019;96:16.
DOI: 10.1063/1.3413961



Advanced Ceramics Materials — Emerging Technologies

[42] Feldman Y, Puzenko A, Ryabov Y.
Non-Debye dielectric relaxation in
complex materials. Chemical Physics.
2002;284:139-168. DOI: 10.1016/
S0301-0104(02)00545-1

[43] Woodward WHH. Broadband
dielectric spectroscopy—A practical
guide. In: Woodward WHH, editor.
Broadband Dielectric Spectroscopy: A
Modern Analytical Technique. American
Chemical Society; 2021. pp. 3-59. DOL:
10.1021/bk-2021-1375.ch001

[44] Davidson DW, Cole RH. Dielectric
relaxation in glycerol, propylene glycol,
and n-propanol. The Journal of Chemical
Physics. 1951;19:1484-1490.

DOI: 10.1063/1.1748105

[45] Holt DB. The remote electron beam-
induced current analysis of grain
boundaries in semiconducting and semi-
insulating materials. Scanning. 2000;22:
28-25. DOI: 10.1002/sca.4950220106

[46] Bruce P. High and low frequency
Jonscher behavior of an ionically
conducting glass. Solid State Ionics. 1985;
15:247-251. DOI: 10.1016/0167-2738(85)
90010-4

[47] Mott NF. Polarons. Materials
Research Bulletin. 1978;13:1389-1394.
DOI: 10.1016/0025-5408(78)90130-7

[48] Jonscher AK. Dielectric relaxation in
solids. Journal of Physics D: Applied
Physics. 1999;32:57. DOI: 10.1088/
0022-3727/32/14/201

[49] Mott NF. Conduction in glasses
containing transition metal ions. Journal
of Non-Crystalline Solids. 1968;1:1-17.
DOI: 10.1016/0022-3093(68)90002-1

[50] Bhunia AK, Pradhan SS, Bhunia K,
Pradhan AK, Saha S. Study of the optical
properties and frequency-dependent
electrical modulus spectrum to the

98

analysis of electric relaxation and
conductivity effect in zinc oxide
nanoparticles. Journal of Materials
Science: Materials in Electronics. 2021;
32:22561-22578. DOI: 10.1007/
s10854-021-06742-4

[51] Elliott SR. A theory of ac conduction
in chalcogenide glasses. Philosophical
Magazine. 1977;3:1291-1304.

DOI: 10.1080/14786437708238517

[52] Qasrawi A, Taleb M. Enhancement
of electrical performance of ZnSe thin
films via Au nanosandwiching. Materials
Science-Poland. 2020;38:174-180.

DOI: 10.2478/msp-2020-0009

[53] Belmonte M. Advanced ceramic
materials for high temperature
applications. Advanced Engineering
Materials. 2006;8:693-703.

DOI: 10.1002/adem.200500269

[54] Engel GF. Material requirements for
power and high temperature multilayer
ceramic capacitors (MLCC). Additional
Papers and Presentations. 2015;2015:
000021-000028. DOI: 10.4071/CICMT-
TA12

[55] Wang C, Cao W, Liang C, Zhao H,
Cheng C, Huang S, et al. Ultrahigh
energy-storage density of BaTiO3-based
ceramics via the interfacial polarization
strategy. ACS Applied Materials and
Interfaces. 2023;15:42774-42783.

DOI: 10.1021/acsami.3c08168



Chapter 5

Color Effects in Dental Ceramic
Laminate Veneers

Carlos Eduardo Francci, Samara Silva and Mylena Régis

Abstract

We live in the esthetic age, and dentistry is no exception. The pursuit of the perfect
smile is a constant in today’s society, and ceramic veneers are among the most com-
monly performed treatments. With the trend toward minimally invasive dentistry,
these veneers are becoming more conservative, with thicknesses less than 0.5 mm.

To perform such treatments, the ceramic restorative material must adhere to a dental
substrate using a bonding agent. Each of these individual factors, which together
form a restorative system, has different optical characteristics that will influence

the final color of the restoration. For ceramics, the type, microstructure, thickness,
translucency, and color need to be analyzed beforehand. For the dental substrate,
saturation and tissue type (dentin or enamel) will have an impact; and for the bond-
ing agent, its color, translucency/opacity, brand, thickness, internal composition, and
color changes with aging will be important considerations. This chapter is aimed at
clinicians who seek to make esthetic restorative planning for ceramic veneers more
precise, meet patient expectations, and successfully navigate the challenges of com-
plex cases. Here, we present the variables involving the optical and color effects that
influence conservative ceramic restorations and their behavior in terms of longevity
and esthetic maintenance. Enjoy!

Keywords: ceramic, color, resin cement, dental esthetics, dental bonding

1. Introduction

Esthetic dentistry is increasingly gaining ground in society. This is linked to its
relationship with patients’ quality of life, since it has implications for psychologi-
cal factors, such as greater self-esteem, security in interpersonal relationships and
satisfaction with each individual’s self-image [1-5]. More recently, the “minimally
invasive” approach has gained ground in dentistry, which seeks to refund esthetics
and function, along with restoring the patient’s self-esteem through less wear of the
dental hard tissues, mimicking the dental structure through restorations adhered
preferably to enamel, with tiny volumes/thickness [6-9].

Ceramics are the materials of choice for esthetic restorations, as they can mimic
the natural tooth and promote great longevity, even in thin layers, rehabilitating the
smile [7]. Among ceramics, lithium disilicate-based glass ceramics are an excellent
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Figure 1.
Conservative lithium disilicate ceramic laminate veneers.

option for creating conservative laminates on anterior teeth, as in addition to favor-
able esthetics, they have good mechanical properties (Figure 1) [10, 11].

In restoration with ceramic laminates, due to their thinness and greater translu-
cency, the effect of the luting material and substrate on the final color will be more
impactful, which will require care and planning from the clinician to perform the
case accurately [12-15]. Since resin cement is more influential in these cases, it can be
used to help mask the saturated substrate or neutralize the color difference between
substrates, when in high opacity, as it will serve as a background blocker, similar
to opacifiers in composite resin restorations [13, 14, 16-19]. In this way, the mask-
ing effect associated with opaque material is achieved, but the natural esthetics are
maintained, considering the use of a ceramic that is not completely opaque, but rather
allows translucency and a depth effect of light, such as dental enamel. This will reduce
the effect of the ceramic on the final color of the restoration, which will reduce the
thickness of the preparation and, consequently, of the ceramic piece, promoting the
preservation of healthy tooth structure, long-lasting and stable adhesion because it is
made of enamel, and not compromising pulp and gingival health [20].

In this sense, it is important to evaluate the change in optical properties to which
the cementation line is subject, since it is the least mechanically resistant material
among the restorative set [21-25]. Because it is formed by a low molecular weight
polymer network, resin cements are susceptible to hydrolytic degradation, which will
lead to opacification and yellowing of the material, especially noticeable in high-value
chromatic resin cements and when associated with translucent ceramics [26, 27]. This
fact may compromise the esthetic result in the long term, leading to the replacement
of the restoration [28].

2. Esthetic dentistry: Impact on quality of life

Esthetics is deeply rooted in our society, often dictating our behavior, ways of
thinking and how we relate to other individuals. Since ancient times, it has been
sought after as a way of acquiring advantages for those considered beautiful.
However, the esthetic standard is not unique, and has changed throughout history
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and in different societies and respective cultures. Present in all social segments,
dentistry is no different. In recent years, esthetics has been gaining more space and
notoriety within dentistry, due to the great search by patients for harmonious smiles
that meet their esthetic expectations. There is no doubt that the smile plays a central
role in facial esthetics, and it is a challenge for the clinician to deliver highly esthetic
results, but that value correct function and that harmoniously relate the dental ele-
ments to each other and to the facial elements [1-3, 29].

In this sense, dentistry has a strong impact on people’s quality of life, interfering
with their self-esteem, the way they see themselves and their security in relation-
ships with other individuals [1, 4, 5]. Therefore, a patient who is dissatisfied with
the appearance of their smile and, therefore, stops smiling, is not only repressing
a feeling, but is also impacting their health, since this is a combination of physical,
mental and social factors and not just the absence of disease. This observation is sup-
ported by the definition of health by the World Health Organization (WHO), which,
in 1946, defined health as a state of complete physical, mental and social well-being,
not just as the absence of disease or illness. The search for a perfect smile and the
solution to personal dissatisfaction makes many patients willing to undergo invasive,
irreversible and painful procedures in the name of beauty. This is because solving a
problem, changing the smile, considered by the patient can restore their self-esteem
and personal confidence again, and the appreciation of their own smile [30].

3. Minimally invasive or sufficiently invasive esthetic dentistry:
Advantages and challenges

No restorative material can surpass natural dental tissues. In this regard, a con-
servative approach has gained traction in dentistry, advocating for the maximum
preservation of hard dental tissues, which cannot be regenerated once lost [6, 9, 31].
Viewing the dental element as an organ with a unique and complex internal system
supports this minimally invasive ideology, where restorative dental procedures aim
to remove only the necessary amount of mineralized tissue, ensuring that prepara-
tions remain in enamel. This approach promotes the conservation of dental tissue and
preserves the vitality and health of the dentin/pulp complex [9]. Another advantage
is improved adhesion and longevity of the restoration, which is a growing concern for
dentists [7]. Adhesion to dentin, being a more heterogeneous tissue constantly moist
due to the presence of dentinal tubules and associated tubular fluid, poses challenges
for adhesion, making it more critical and less durable than adhesion to enamel [8].

However, this makes the planning and execution of esthetic restorative work more
challenging, as the substrate and the cementing material in indirect restorations
have a greater influence on the final color result, given the thinner ceramic layers.
This thickness makes it more difficult to mask unfavorable, saturated, and darkened
substrates. The concern for conserving as much healthy dental structure as possible
does not preclude the need for prosthetic preparations when indicated, such as in
cases of masking substrates and achieving the necessary thickness to accommodate
the material, restoring both function and esthetics. Failure to perform preparations
in cases like ceramic veneers, for example, can lead to overcontours, cervical steps,
and periodontal issues that compromise patient health and case esthetics due to an
inadvertent interpretation of this approach [32]. A study [33] analyzed conventional
preparations and no-prep/minimally invasive veneers over a 9-year period and found
higher survival rates for no-prep/minimally invasive veneers.
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Another major concern for clinicians is achieving a natural appearance in their
restorations, which should mimic the healthy dental element in terms of anatomical
shape, color, and translucency. The choice of material is crucial in restorative esthet-
ics to restore function and appearance in harmony with the biological aspects of
teeth. Therefore, the selection of restorative material must be based on its optical and
mechanical properties [31]. One such material for esthetic restorations with excellent
mechanical properties is dental ceramics.

4., Evolution of esthetic indirect restorations

Fully ceramic restorations first appeared in the dental field around 1960. However,
it was not until the 1980s, with the advent of acid-etchable porcelains, that they could
be bonded to hard dental tissues, particularly enamel, due to the improved longevity
of adhesion [11].

Initially, fully ceramic crowns were made with significant thickness to compensate
for the absence of a metal coping, which enhanced the mechanical properties of the
restoration. By increasing the thickness of the piece, the intrinsic strength of the
ceramic material was improved. It was only with advances in adhesion knowledge and
the development of acid-etchable ceramics, combined with high-strength ceramics
such as lithium disilicate and zirconia, that it became possible to create more conser-
vative ceramic restorations with thinner layers [34]. This reduces the likelihood of
endodontic treatments and hypersensitivity in extensively prepared teeth compared
to minimally invasive preparations, while preserving healthy dental structure [9].

The emergence of mechanically more resistant and adhesive all-ceramic restora-
tions has reduced the use of metal-ceramic restorations. This is due to the advantage
of using more translucent ceramics that better mimic natural teeth by allowing
more light to pass through. Unlike metal materials, which require an opaque ceramic
layer to mask their presence and necessitate greater preparation thickness to accom-
modate different layers of feldspathic ceramics (translucent, opaque, and effect) for
esthetic purposes, modern ceramics provide a more effective solution [11, 12, 35].
Furthermore, with the development of ceramic restoration techniques, it is now
possible to combine different types of ceramics in multi-layered pieces. This approach
leverages the virtues of each ceramic material, typically with better mechanical prop-
erties in the infrastructure and superior esthetics in the final layer, unlike monolithic
pieces [36].

Currently, due to the advent of ceramics suitable for conditioning, it is possible to
create restorations that rely exclusively on adhesion without the need for geometric
preparation and mechanical retention. This makes the fabrication of ceramic res-
torations, including crowns or onlays, more conservative compared to metallic and
metal-ceramic restorations. This is particularly true when using resin cement for the
cementation of ceramic pieces, which contributes to increased mechanical strength
of the restoration, making the bonded piece more durable than the pure ceramic
before cementation [37]. This perspective encourages clinicians to pursue increasingly
minimally invasive preparations, minimizing damage to the tooth.

Lithium disilicate-based glass ceramics have intermediate properties between
feldspathic porcelains and zirconias, offering excellent mechanical and esthetic
properties, making them suitable for both posterior and anterior restorations. They
are composed of an amorphous phase of crystalline quartz and lithium disilicate
crystals in varying proportions, which determines different levels of translucency,
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ranging from high translucency to high opacity. The higher the proportion of crystals,
the opaquer the material becomes [38]. This allows lithium disilicate to be used in
highly esthetic conservative restorations, as it maintains good mechanical and optical
properties even in thin layers [10]. Furthermore, its suitability for anterior esthetics
is largely based on its various translucency levels, which can ensure natural-looking
restorations that mimic healthy teeth. Literature indicates that one of the key aspects
of naturalness in restoration is the translucency of the restorative material [39, 40].
Since dental enamel is highly translucent, the opaquer the dental material, the more
noticeable the restoration will be. Conversely, materials with high translucency can
more effectively mimic natural dental tissue and achieve an “invisible restoration”
appearance. It is important to note that translucency is affected by the thickness and
type of ceramic material, with greater thickness resulting in more light scattering,
thus creating an opaque effect [41-43]. The reduction in translucency of lithium
disilicate veneers is a crucial factor in masking saturated substrates and a key element
in the final color of the restoration [16, 17].

5. Color effects in conservative indirect restorations

The optical properties of materials directly influence their esthetic indication and,
consequently, the success of a harmonious and natural smile rehabilitation, particu-
larly when biological limits are respected and natural tooth characteristics are used
as guiding parameters. Mimicking the natural characteristics of a tooth to achieve
esthetically satisfactory and imperceptible restorations, while also being function-
ally adequate, is not a simple task for the dentist. This is increasingly demanded by
patients and requires not only technical skill from the professional but also a good
understanding of the optical characteristics of teeth, such as morphology, texture,
and color, as well as the properties of restorative materials suitable for each case and
their ability to mimic natural dental structures [29, 31, 44-46].

These properties result from the interaction between incident light and the
physical-chemical structure of the material. One such property is translucency, which
reveals the relative amount of light that is transmitted and how much is diffusely
reflected through a turbid medium [47, 48]. This optical phenomenon of light trans-
mission and reflection is considered an intermediate state between transparent (total
transmission) and opaque (total reflection), described as partial opacity [49, 50].

Reproducing the natural characteristics of dental elements, such as shape, color,
and texture, in restorative work to achieve satisfactory esthetic results and mimic
adjacent natural teeth is the clinician’s goal and undoubtedly one of their greatest
challenges [44-46]. This is primarily due to the complex color of a dental element,
which is not monochromatic, having a more translucent enamel and more saturated
dentin, variable according to the location and histo-anatomical arrangement of these
tissues. This variability causes differences in saturation and luminosity in differ-
ent regions of the same dental element [44]. Therefore, understanding the factors
involved in an esthetic restoration is essential for better predictability of restorative
work.

Many variables affect the final color of an indirect restoration, such as the color
and translucency of the ceramic, substrate saturation, and the color and translucency
of the resin cement [13, 14, 17, 19, 44, 51, 52]. Among these variables, the ceramic has
the greatest influence on the restoration color, with thickness and translucency being
key factors. Greater thickness and lower translucency reduce light transmission and
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reflection of the substrate and resin cement color, highlighting the characteristics of
the ceramic material [12-15].

The choice of ceramic material type and translucency remains the most influ-
ential factor for thinner ceramic pieces, such as veneers. However, the color of the
resin cement also significantly impacts these cases, especially as the ceramic veneer
becomes thinner and more translucent [13-15, 53]. Therefore, careful attention is
needed when choosing the resin cement for bonding conservative ceramic veneers,
focusing on translucency and value, which affect the restoration more than chroma
and hue [53]. In this regard, resin cement can aid in masking unfavorable substrates,
as shown in studies [16, 17, 19], which observed that combining less translucent
veneers with more opaque resin cements positively contributes to this process and
maintains the restoration’s esthetics.

However, maintaining the color obtained immediately after restoration over time
is a challenging factor for long-term esthetic success [27, 54]. Additionally, literature
indicates that restorations with ceramic veneers cemented with resin cement show
some pigmentation with aging, which is important for the long-term esthetics of the
restoration [55-59].

5.1 Ceramics

Understanding the optical characteristics of indirect restorative materials used in
clinical practice is essential for the dentist. This knowledge enables the precise selec-
tion of the most suitable material for each clinical situation, leading to more accurate
color outcomes [13-15, 53].

Glass ceramics are highly recommended for anterior esthetic work, such as
veneers, due to their adequate translucency, though they have a lower masking
ability [48]. The translucency of an object directly influences the material’s masking
capability, as it affects the amount of light absorption, reflection, and transmission,
and consequently, how much of the underlying structure is visible [47, 48]. Small
variations in thickness in more translucent ceramics are more noticeable compared to
opaque ceramics, which also makes the substrate more easily perceived and influences
the color of the restoration [48, 53, 60].

Translucency in dental ceramics is significantly dependent on the ceramic com-
position, including the size and number of crystals, pigments, and the size, quantity,
and distribution of internal defects such as porosities and microcracks [60, 61].

The greater the difference in refractive indices between the phases of a ceramic,

the lighter scattering occurs between particles, resulting in lower light transmis-

sion and higher opacity [47, 60-62]. When the crystals are smaller than the visible
light spectrum (400 to 740 nm), the material is transparent. However, larger crystal
diameters increase light scattering, making the restoration opaquer. For example, the
translucency difference between the high translucency (HT) and Low Translucency
(LT) ceramics from the IPS e.max CAD line is due to HT having fewer large-diameter
crystals, while LT has more of these larger crystals, resulting in HT having a more
apparent glassy phase and less light scattering, making it more translucent than LT
[47, 61, 62].

In addition to composition, translucency in ceramics is inversely affected by the
thickness of the piece, for the same type and brand of ceramic [62, 63]. The type of
ceramic and its thickness (intrinsic and extrinsic translucencies) affect the amount
of light absorption, reflection, and transmission, and consequently, how much of the
underlying structure is perceived [13, 47, 48, 60]. Furthermore, surface alterations
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caused by abrasive procedures can change the surface texture of the ceramic material,
affecting its translucency [47, 61, 62].

The stability of these optical characteristics in restorations is crucial for maintain-
ing the esthetics of the smile. Ceramics are more resistant to the chemical challenges
of the oral environment compared to resin composites, suffering less from color and
translucency changes [21, 28, 64, 65]. According to the study by Subasi et al. [64],
which evaluated different thicknesses of ceramic veneers (0.5, 0.7, 1 mm) and types
of ceramics subjected to aging, the type and thickness of veneers were more signifi-
cant in altering color and translucency than aging itself, remaining stable over time.
This contrasts with resin materials and even the dental substrate, which undergoes
mineral content changes, increasing translucency [47, 57, 58, 66-68]. The composition
of the ceramic material is more significant in determining its optical properties than
thickness and the technique used to fabricate the ceramic piece (milled, pressed, and
layered) [65].

Thus, a significant portion of color alteration in a ceramic restoration set comes
from the dental substrate and the underlying resin cement, which undergoes water
absorption and pigmentation during the restoration’s aging process, potentially
affecting the esthetic outcome [58, 64, 69].

5.2 Substrate

The substrate will also significantly influence the final color of a conservative
ceramic veneer restoration and will be one of the most challenging factors for the cli-
nician, as it is intrinsic to the case and cannot be completely altered. For cases involv-
ing preparations for ceramic veneers on discolored teeth from trauma, endodontically
treated teeth, or teeth with intrinsically altered formation processes, masking these
substrates to achieve satisfactory esthetics can be challenging. Additionally, when
covering multiple adjacent teeth with varying saturation levels with ceramic veneers,
the dentist faces a major challenge in neutralizing the effect of these substrates con-
servatively while maintaining the requested esthetics with thin veneers and without
using highly opaque materials. In this regard, esthetic restorative planning is crucial,
and understanding the masking potential of the chosen ceramic and the influence of
the resin cement is also fundamental.

Pre-restorative whitening in such cases can be advantageous as it reduces the color
difference between elements and the chosen shade, minimizing the necessary prepa-
ration thickness [20]. This is particularly important when using translucent pieces.
Moreover, the chromatic effect of the substrate will vary depending on the dental
tissue where the veneer is bonded. More invasive preparations, such as those for full
crowns, will highlight the saturation and hue of the tooth, also increasing the restora-
tion’s opacity due to the greater visible dentin content. Therefore, the color difference
between the tooth before and after veneer cementation will be more noticeable [52].
Conversely, if the veneer is bonded to enamel, there will be less impact from substrate
saturation and hue, although there will be a greater effect of intrinsic translucency
to natural dental enamel, which can lead to greater reduction in the restoration’s
value, requiring careful attention to avoid graying. When analyzing these hard tissues
separately, it is evident that enamel has greater translucency than dentin of the same
thickness, with dentin being the primary contributor to the visible color of the tooth
[63]. The translucency of enamel and dentin is directly related to the orientation
of enamel prisms and dentinal tubules, impacting how light spreads through these
structures [47, 70]. This contributes to the notion that the final color of a ceramic
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restoration will be affected not only by the substrate color/saturation but also by the
opacity/translucency of the tissue to which the piece is bonded. Errors in selecting
material translucency/opacity and, consequently, the reflection/value of a restoration
are considered the most critical and noticeable since human eyes are more sensitive to
brightness differences, making accurate selection in restorative work crucial for the
restoration’s esthetics, more so than color and hue [61].

The substrate will also undergo optical changes with the aging of the dental struc-
ture, with a tendency for increased translucency. Aging will increase the translucency
of enamel due to significant loss of surface structure over the dental lifespan, making
this structure thinner, as well as greater alignment and organization of enamel prisms
transversely [70]. Meanwhile, in dentin, there will be a reduction in the pulp cham-
ber volume and decreased blood supply, with dentin deposition in dentinal tubules
(reducing their diameter), increasing its chroma and translucency due to increased
mineral content [47, 71].

5.3 Cement line

In conservative veneer restorations, the cement line will affect the final color of
the restoration and should be considered in esthetic restorative planning, as it can
negatively impact the color result if its color/opacity is not planned. On the other
hand, it can help neutralize the effect of unfavorable substrates (Figure 2), as the
ceramic material’s masking ability and its translucency play a significant role, but the
resin cement also affects the final color of the restoration, contributing to masking
discolored substrates when used with high opacity [13, 16-18].

In a resin cement, its color, opacity, composition, and brand will directly affect
its optical properties and influence the final color result of a restoration with ceramic

Figure 2.
Contrast between favovable substrates (bottom) and unfavorable substrates (top).
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laminates. The study by Silva et al., which evaluated the influence of different trans-
lucency levels of lithium disilicate (IPS e.max CAD — HT, MT, and LT) and the color/
opacity of resin cements from the Variolink Esthetic light-cure (LC) line (light+, high
opacity, and Neutral, high translucency) (Figure 3), aimed at masking the difference
between substrate shades Al and A4, showed that all groups with light+ resin cement
(opaque) had smaller color differences compared to the groups with Neutral cement,
regardless of the translucency level of the disilicate [16].

This demonstrates not only that the opaque resin cement contributed to substrate
masking but also that it reduced the influence of the ceramic on the final color of the
restoration. This supports the use of this cement as an adjunct in neutralizing unfa-
vorable substrates in a more conservative manner while maintaining natural esthetics.
The opaque resin cement acts as an opacifier, blocking the substrate and allowing it to
be paired with a less opaque ceramic laminate, resulting in partial light transmission
through the restoration (Table 1). Additionally, when comparing color differences
between opaque and translucent cements, all groups showed significant and clini-
cally impactful differences, according to the parameters developed by Paravina et al.,
reinforcing the statement that resin cement affects the esthetic color result [72].

The brand of resin cement will also affect the chromatic characteristics of a
restoration, such as its ability to mask substrates [73]. This is because the intrinsic
composition of each manufacturer will vary, leading to different optical properties,
with different refractive indices/opacities between brands, which was significant in
the study.

Moreover, [13] a study demonstrated that the thickness of the cement line will
also affect the final color of the restoration, but in a less significant and clinically
visible manner than the variation in ceramic thickness. For ceramic pieces thicker
than 2 mm, such as traditional crowns, the resin cement’s influence is not clinically
visible, indicating that, although opaque resin cement positively affects masking, the
main factor determining the final color result of the restoration is the ceramic mate-
rial itself. However, for ceramic pieces less than 1.5 mm thick, the color of the cement
has a greater influence, necessitating careful selection to avoid errors in the final

Figure 3.
Lithium disilicate ceramic laminates with Neutral vesin cement (Ivoclar) on the left and Light+ vesin cement
(Ivoclar) on the right.
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Laminate translucency Resin cement shade Substrate saturation Mean + SD
AE00

HT Light+ Alvs. A4 (36+0.7)
Neutral Alvs. A4 (5.7 £0.5)5

MT Light+ Alvs. A4 (41+04)g
Neutral Alvs. A4 (5.2+0.2)4

LT Light+ Alvs. A4 (27+0.2)c
Neutral Alvs. A4 (43+04)g

Source: da Silva et al. [16].

Table1.

Mean and Standard Deviation (SD) of color differences (AE0o) between A1 and A4 substrates (Influence of
substrate on vestoration final color). Subscript equal letters indicate lack of statistical difference among groups
evaluated from Tukey test with 95% confidence intervals (p < 0.0001).

restoration color. This can be mitigated by using try-in pastes. Similar results were
obtained by Cubas et al. [14], who evaluated the masking ability of ceramic systems in
groups with 1, 1.5, and 2 mm thicknesses cemented with opaque, intermediate, and no
resin cements. The conclusions were consistent: groups cemented with opaque resin
cement showed a significant improvement in masking ability, especially in thinner
ceramics, with the 2 mm groups achieving the best masking results due to the consid-
erable ceramic thickness.

This effect is intensified with thinner thicknesses, such as in ceramic laminates.
According to Begum et al., in their study comparing ceramic pieces with 0.5, 1, and
1.5 mm thicknesses cemented with opaque and translucent resin cements over a dark-
ened substrate (C3), it was shown that the color difference between the 1 mm lithium
disilicate group with translucent cement and the 0.5 mm group with opaque cement is
small [19]. This indicates that the masking ability of a 0.5 mm laminate with opaque
resin cement is equivalent to that of a 1 mm thick piece with translucent cement, but
with the advantage of greater preservation of healthy dental structure and a more
natural final appearance. However, the color of the substrate will be decisive for
achieving optimal esthetic results. The study by Kandil et al. not only compared the
influence of resin cement opacity on the masking ability of a darkened substrate but
also evaluated the role of the translucency of the restorative ceramic material in this
process [17]. They cemented 0.5 mm thick ceramic pieces with opaque and trans-
lucent cements in two translucency levels and concluded that the group cemented
with opaque cement was more effective in masking the darkened substrate compared
to the translucent cement, although all groups showed detectable color differences.
This demonstrates the advantages of opaque cement and its contribution to substrate
masking compared to translucent cement. However, the degree of translucency of the
ceramic had a greater impact on this process, with opaque ceramics providing the best
masking of the substrate.

Thus, using thin lithium disilicate-based ceramic veneers with high-opacity resin
cement, as opposed to high-translucency cements which only promote cementation,
ensures various benefits such as masking saturated substrates, achieving a natural
restoration appearance, better mechanical properties, and longevity. This approach
promotes a conservative esthetic, providing good esthetic outcomes and improved
quality of life for the patient [14, 16, 17, 19]. However, even though this material can
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positively influence masking, it is crucial to properly choose the translucency level
and thickness of the ceramic material, which is primarily responsible for the final
color of the restoration, to effectively mask the substrate and perform a more conser-
vative preparation on the remaining dental structure.

However, even if this material plays a beneficial chromatic role, the thickness of
the cement line should be as thin as possible, as it is the weakest link in the restoration
system. There is still a gap regarding the cement line in ceramic laminates, as ISO
4049:200 [74] standards require a resin cement thickness not exceeding 50 pm, but
the majority of studies use 100 pm as a standard thickness [75-77]. It is indicated [78]
that the ideal thickness for cement in laminates is around 90 pm. At this thickness, the
maximum stress transferred to the ceramic is minimized compared to other thick-
nesses, reducing stress levels in the restoration, which aligns with [79], who found
100 pm as an acceptable cement thickness.

However, regarding current popular manufacturing processes, according to
Aboushelib et al. [80], CAD/CAM-milled ceramics result in an average cement thick-
ness of 340.35 and 106.74 pm for the injected technique, and this thick cement under
the cemented laminate can interfere with the mechanical integrity of the restoration,
increase polymerization stress, or influence the color and translucency of the restora-
tion [35, 81]. Additionally, there is an increased chance of iatrogenic gingivitis caused
by the increased porosity in the thick resin cement layer, as the cementing agent layer
is the most critical and prone to degradation when dealing with enamel-cement-
laminate systems.

5.3.1 Alteration of optical properties of the cement line due to aging

Thin, translucent ceramic veneers will have their color influenced by the color
of the cement. Therefore, the stability of the optical properties of the cement line is
crucial for the long-term esthetic success of restorations, as it is affected by the aging
of the restoration [54]. Changes in color and translucency that ceramic restorations
undergo over time, along with challenges in the oral environment, can significantly
impact the esthetic outcome, especially in the anterior region where there is a
high demand for color and shine maintenance, potentially leading to restoration
replacements [28].

During the aging process, the cement line will undergo more significant altera-
tions in physical and chemical characteristics than the ceramic, which has stable color
and shine and does not degrade in the oral environment like resin composites do.
These composites represent instability in their optical properties, with resin cement
being the main contributor to changes in color and translucency in the indirect
restoration system [21, 56, 67, 68]. Over time and with exposure to oral challenges,
there is a tendency for the cement line to become more opaque, which clinicians must
consider, particularly for already opaque resin cements, as it can reduce the natural
effect of the restoration [23, 67, 82, 83].

The optical properties of resin cements, such as translucency and color, are influ-
enced by the type and brand of the material. This can be explained by differences in
composition, the amount of polymer matrix, the quantity, type, and distribution of filler
particles, and the degree of monomer conversion due to differences in refractive index
between the filler and matrix of these cements [21, 54, 56, 84, 85]. Additionally, the
addition of pigments also impacts translucency, with more chromatic composites having
greater opacity than less saturated and translucent ones, where generally fewer pigments
are added. There is a significant correlation between translucency and chroma [26, 49].
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The average particle size of the resin cement will directly affect the material’s
degree of translucency, as it relates to the amount of light transmission/scattering.
Smaller particles, around 0.1 pm, allow greater light transmission and higher trans-
lucency, while particles of 10 pm in diameter cause greater light scattering, making
the material more opaque [22, 65]. Thus, the quantity and size of filler particles and
the type of monomers present will also affect the translucency changes a material
undergoes with aging in the mouth [22, 56, 65-67, 84, 86, 87]. Therefore, the cement
line will be more resistant to degradation and staining and will have more stable color
and translucency if it has a higher proportion of filler and a lower organic portion in
its composition, as the organic portion is more susceptible to hydrolysis in the oral
environment [54, 82, 88].

However, it will also be affected by extrinsic factors such as polymerization, food,
beverages, and medications [85, 89-91]. In this sense, a parallel can be drawn between
the color stability of composite resins and resin cements, as both are materials with
a polymeric network subject to degradation in a moist environment and have char-
acteristics similar to flowable resins, with lower filler particle proportions to achieve
lower viscosity and higher flow, making them more prone to degradation in the oral
environment [52, 55, 67].

Hydrolytic degradation, which alters the color of resin composites, may be related
to the distribution of filler particles, with composites having smaller particles and
better distribution being more resistant to hydrolysis, and to the composition of the
polymer matrix network, related to the hydrophilicity of the monomers present, such
as TEGDMA and UDMA, with polar functional groups more susceptible to water
absorption [56, 67, 86, 87]. Additionally, as studied by [82], resin composites with
different average particle sizes, with higher packing of particles, and with a higher
volume percentage of filler showed greater color stability when exposed to pigmented
beverages. This study also demonstrates that this degradation leads to changes in
opacity/translucency of the composites after aging, with increased reflectance for
most groups.

With water absorption and the breakdown of the polymer network of resin
cement, there is a rearrangement of the non-organic particles in the material, caus-
ing a change in the refractive index of the cement line after aging compared to the
immediate moment. This is because changes in the physical and chemical character-
istics of the polymer network will affect the refractive index, altering the amount of
light reflected/transmitted by the restoration, which will affect its translucency, with
lower translucency as the difference in refractive index increases [22-24]. The greater
the difference between the refractive indices of the filler particles and the matrix of a
resin material, the greater its opacity, according to [23]. Additionally, the breakdown
of monomers can lead to changes in the pigment distribution of resin cements, with
lighter cements being more prone to greater color changes after aging, as suggested
by [26]. After aging, there is a change in the color of the cement line, with a tendency
for yellowing of resin cements (increased values on the b* coordinate, blue-yellow
axis), according to studies [26, 27]. Besides the breakdown of resin monomer bonds,
water absorption leads to the expansion and plasticization of the polymer network,
producing microcracks that allow greater penetration of pigmented substances into
the cement line [83].

Chemical composition, and consequently the type of cement (light-cured, dual-
cured, self-adhesive), will imply different responses to aging, with a tendency for the
cement line to suffer from both opacification and marginal pigmentation. Cements
with chemical activation are more prone to changes in optical properties due to
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lower chemical stability and higher susceptibility to water absorption [22, 54, 67,

83, 84, 88, 92]. Resin composites, such as resin cements, with higher proportions of
TEGDMA compared to UDMA, for example, have a greater tendency to suffer from
water absorption, as TEGDMA is a low-viscosity monomer with high hydrophilicity,
while a cement with higher proportions of UDMA will be more stable, as the polymer
network of the cement line will be less degraded and less prone to pigmentation

[56, 67, 84, 86, 87]. For ceramic piece cementation, light-cure (LC) or dual-cure (DC)
resin cements are the first choice. Light-activated cements tend to be more stable
against oral challenges due to their composition of aliphatic amines, which are more
resistant to oxidation than tertiary amines present in dual-cure and self-adhesive
(chemically activated) resin cements. This results in lower resistance to water absorp-
tion and greater marginal pigmentation of restorations, as the oxidation of residual
monomers forms yellowish compounds, which is more likely to occur in dual-cure
and self-adhesive cements [24, 57, 58, 66-68, 83, 88, 92]. This process can be intensi-
fied in cases of thicker and more opaque ceramic pieces, due to the tendency for
subpolymerization of the cement line, impacting the degree of monomer conversion
in both light-cured and dual-cured cements [21, 56, 68, 93, 94].

According to a systematic review [21], light-cure cement showed a higher degree
of monomer conversion compared to dual-cure cement when used for cementing
ceramic pieces up to 2 mm thick, providing greater color stability to the restoration.
Additionally, due to higher degrees of conversion, light-cure cements have improved
mechanical properties, making them less prone to water absorption in areas such as
the gingival sulcus where the cement line is more exposed. However, even dual-cure
cements are affected by reduced light exposure, as chemical polymerization alone
is not sufficient to compensate for inadequate light polymerization. Both physical
and chemical stimuli are necessary for proper polymerization of dual-cure cements,
as noted [21]. The less effective the light polymerization of the cements, with lower
irradiance received, the lower the degree of monomer conversion, resulting in a
mechanically weakened cement line with poorer long-term esthetic properties [93].
According to Janda et al. [89], the type, curing time, and photopolymerizer influence
the photopolymerization and, consequently, the color stability of a resin composite
over time.

Dual-cure resins generally show less color stability due to the possibility of
degradation of the tertiary amines used for the chemical polymerization reaction of
monomers and oxidation of residual monomers. This modification in the chemical
structure of the cement line contributes to the formation of yellowish compounds
and changes the color of the cement [24, 25, 27, 57, 58, 67, 68, 86]. Unlike dual-cure
cements, light-cure cements are more resistant to staining, as they contain aliphatic
amines, which are more resistant to oxidation than tertiary amines, co-initiators less
resistant to degradation in the oral environment [83, 86].

6. Conclusion

Knowledge of the color, translucency/opacity of both the natural tooth and the
restorative materials is directly related to the success of esthetic dental treatments.
Mastery of each of these factors is essential. In a conservative indirect restoration
using ceramic veneers, many factors will influence the chromatic outcome. The
ceramic will have a significant impact, but so will the resin cement and the substrate,
considering the thin thickness of the piece. Therefore, understanding these factors
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not only at the time of cementation but also regarding how the optical behavior of the
restoration will evolve over time is important.
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Abstract

This chapter discusses the future of perovskite solar cells (PSCs) as a new gen-
eration of photovoltaic technologies to replace traditional silicon-based solar cells.
PSCs have properties such as high efficiency, low processing cost, and flexibility in
form, and, therefore, can be implemented in various applications such as building-
integrated photovoltaics (BIPV), flexible electronics, and wearable electronics.
Nevertheless, some issues still need to be solved in commercialising PSCs, such as
stability issues, scaling-up issues, and policy barriers. However, the prospects for
market development are vast, and PSCs can revolutionise the solar industry on
the planet. In this chapter, the most recent methods for the synthesis of small- and
large-scale perovskite-based solar cells are described. This chapter also explores some
of the new research areas of interest, including tandem solar cells, perovskite-based
multi-junction solar cells, and perovskite quantum dots, all expected to advance the
photovoltaic efficiency and versatility further. Further, the evolution of perovskite-
silicon heterojunctions, all perovskite tandem cells, and indoor photovoltaics show
the growing area of perovskite utilisation. If PSCs are to overcome certain challenges
and further the research, it can change the face of solar energy as a clean, efficient,
and diverse option for the future.

Keywords: perovskite solar cells (PSCs), photovoltaics, high efficiency,
tandem solar cells, building-integrated photovoltaics (BIPV), flexible electronics

1. Introduction

With the world’s energy consumption increasing and the onset of climate change,
the role of renewable power sources can hardly be overestimated. The oil, gas, and
coal that have been the foundation of the global economy for more than a century are
now recognised as a significant source of environmental issues, including pollution
and climate change. This has shifted the world energy mix where renewable energy
is essential, particularly solar energy, in addressing climate change. Solar energy, as
energy from the sun, is one of the abundant sources of renewable energy [1, 2]. It is
a clean energy source that can meet the world’s energy demands without the social
and environmental vices associated with fossil energy resources. Hence, solar energy
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technologies, particularly solar cells, have been more focused on research and devel-
opment in the quest for green power technologies [3-6].

Solar or photovoltaic cells are electrical appliances that generate electric power
through the photovoltaic process. These are the basic building blocks of solar panels
widely applied in residential, commercial, and industrial applications. Solar cells are
particularly attractive for their capacity to generate power without generating any
greenhouse gases [7, 8]. This capacity makes solar cells a vital weapon in the war against
global warming [9]. Over the past few decades, there has been a huge advancement in
the solar cell and, therefore, the efficiency, cost, and overall scalability of solar cells
[10, 11]. The first generation of solar cells is the crystalline silicon solar cells that have
gained the market due to the efficiency and the durability of the solar cells [12]. But in
the need to push these machines further and bring down the cost of production even
more, the search for other materials and technologies has been called for. Out of all the
new materials for solar cells, perovskite and double perovskite have been researched
more because they possess certain features and benefits over silicon solar cells [13,

14]. Perovskites are a class of materials with the general formula ABX3, where ‘A’ and
‘B’ are cations of different sizes, and ‘X’ is an anion that coordinates with both [15].
These materials have displayed good optoelectronic properties such as high absorbance,
tunable band gap, and long carrier diffusion that make them suitable for photovoltaic
applications [16]. Other structures have also been investigated in photovoltaics, includ-
ing double perovskites, which are obtained when two different cations occupy the ‘B’
site cation. These materials can offer increased stability, reduced toxicity, and electronic
character adjustability by selection of cations and anions. For instance, the double
perovskite La,NiMnOg with the designed bandgap is the great advancement in achiev-
ing high efficiency and stability of the solar cell materials [17]. The fact that perovskite
and double perovskite materials have some advantages over silicon-based solar cells has
led to global interest in the study of their properties and the development of ways to
improve their efficiency and address issues related to stability and production. In this
chapter, the reader will be acquainted with the fundamentals of perovskite solar cells
and the materials used in the formation of perovskite solar cells, the manufacturing
process of perovskite solar cells, and the efficiency and stability of the perovskite solar
cells, and the prospects of perovskite solar cells for the future market of solar cells.

2. Fundamentals of perovskite solar cells
2.1 Crystal structure and chemical composition

The perovskite materials are defined by their specific crystal structure and are
generally represented by the formula ABX;. In this structure:

A’ cation: Usually a big organic or inorganic cation (e.g. methylammonium (MA®),
formamidinium (FA*), or caesium (Cs*)).

‘B’ cation: A smaller metal ion, usually lead (Pb**) or tin (Sn**), situated in the
centre of the coordination sphere.

X’ anion: A halide ion meaning an ion of chlorine, bromine, or iodine [18].

This results in a three-dimensional structure in which the ‘B’ cation is surrounded
by six ‘X’ anions to form an octahedral structure, and the A’ cation is located in the
space in between the octahedra. This is because the A} ‘B’ and ‘X’ positions can be
occupied by many elements, and these can be adjusted to provide the most suitable
physical or chemical characteristic for a particular use (Figure 1) [20].

122



Perovskite Ceramics: Promising Materials for Solar Cells (Photovoltaics)
DOI: http://dx.doi.org/10.5772/intechopen.1007295

Figure 1.
A typical cubic unit cell (left) and the crystal (right) of perovskite ABX,. Reproduced from Ref. [19] under
CC BY 4.0.

The double perovskites are slightly more complex than the traditional perovskite
structure; here, two different cations are present in the B’ site and are denoted by B’
and B”. In this manner, one can get the formula A,B'B"X, (Figure 2).
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Figure 2.
Double perovskite crystal structure, with B’ and B" lying in alternate octahedra B'Xg and B"Xs. Adapted from
Ref. [21], under CC BY 4.0.

The two different cations can change the electronic, stability, and band gap of
the material making the double perovskites of particular interest in photovoltaic
applications [22]. For example, La,NiMnOg is a double perovskite in which Ni?* and
Mn*" occupy the B’ and B” sites, respectively; they exhibit extraordinary magnetic
and electrical properties that can be applied in solar cell [23]. Another important
feature of perovskite materials which opens the possibility to tune them for the best
performance in solar cells is the possibility to control the chemical composition and
structure of the material [24].
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2.2 Bandgap engineering

A crucial parameter of semiconductor material used in photovoltaic is its bandgap,
which is the energy gap between the valence band and the conduction band. This
defines the ability of the material to absorb and convert the solar spectrum to electric-
ity depending on the bandgap. The bandgap for the best efficiency of the solar cell
should be around 1.3-1.5 eV, enabling the material to capture a large part of the solar
spectrum while providing a high voltage in the open circuit [25]. The bandgap can
also be engineered in perovskite materials by altering the composition of the A, ‘B,
and ‘X’ sites to fit the range required [26]. For example, in the most basic perovskite-
type material, methylammonium lead iodide (MAPbI;), the bandgap is about 1.55 eV,
which is very close to the maximum achievable for single-junction solar cells. When
one or several halides at the ‘X’ site are replaced, for example, iodine at the ‘X’ place
can be replaced by bromine to get MAPbBr3, the bandgap increases, and the mate-
rial can absorb higher-energy lower wavelength light. Likewise, the substitution of
lead with tin (in MASnl;) results in a decrease in bandgap to allow the material to
absorb lower energy photons [27]. In double perovskites, the cations B’ and B” also
contribute to the bandgap engineering. For instance, in the perovskite La,NiMnOs,
the bandgap can be controlled by varying the concentrations of Ni** and Mn** or
by introducing impurities in the structure [26]. That is, the ability to fine-tune the
bandgap through careful control of composition can be a powerful asset in the devel-
opment of perovskite solar cells by enhancing light absorption and thus increasing the
device’s efficiency.

2.3 Charge carrier dynamics

Apart from light absorption, the performance of a solar cell is equally measured
by the ability to create and collect the photogenerated charge carriers, electrons, and
holes. In perovskite solar cells, the processes of generation, separation, and transport
of charge carriers depend on the perovskite material’s electronic structure and defect
states [28]. In the absorption process, when a photon is incident on the perovskite
material, it provides energy to the valence band electron to move to the conduction
band, creating a hole in the valence band. This process creates an electron-hole pair,
which has to be transported separately and turned into a current at the electrodes. The
efficiency of this process depends on several factors, including:

* Carrier mobility: High mobility so that the electrons and holes in the material can
freely shuttle between them and reduce the chances of recombination.

* Diffusion length: The distance that, on average, a carrier can travel before recom-
bining is usually the definition of the letter. Due to the long diffusion lengths of
more than a 100 nanometres, perovskites are applicable for charge collection.

* Recombination rates: It is also essential to have a low recombination frequency to
facilitate the flow of a high number of carriers to the electrode.

Some perovskites have exhibited dynamic features of charge carriers, low density
of defects, and good crystallinity, which is beneficial for efficient charge production
and transport. Nevertheless, vacancies, interstitials, and grain boundaries are always
available and can pose as recombination sites, reducing the solar cell’s efficiency [29].
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Some of these defects originate from material chemistry, while others come from the
fabrication processes, and these are areas of active research in perovskite photovolta-
ics. Thus, the crystal structure, band gap control, and charge carrier behaviour are
vital factors of perovskite solar cells. For these reasons and the fact that perovskites
are characterised by adjustable band gaps and outstanding charge transport proper-
ties, these materials are considered the future for the development of photovoltaic
technologies. Still, stability, toxicity, and scalability issues arose, which is why the
researchers must address them in the future.

3. Perovskite materials for solar cells
3.1 Single perovskite materials-methylammonium lead iodide (MAPbI;)

One of the best-investigated perovskite materials for solar cells is methylammo-
nium lead iodide (MAPbI;). MAPDI; has attracted interest because of its properties,
such as a suitable bandgap of about 1.55 eV, high absorption coefficient, and long
carrier diffusion lengths, which makes it suitable for high photovoltaic performance
[30]. MAPDI; has the simplest structure of the perovskite family, which is a three-
dimensional structure with an ABX; formula, where A is the methylammonium
(MA"), Bislead (Pb**), and X is iodine (I"). This has made it to record high PCE
efficiency over the last decade, with recorded efficiencies standing at over 25% for the
most efficient materials in the system [31]. These results give MAPbI; and other lead-
based perovskites the promise of being new-generation solar cells that can replace
traditional silicon-based solar cells. However, the utilisation of MAPbI; in com-
mercial products is limited by several factors as follows. The most critical issue of the
material is that it is not as stable as it should be, but that MAPDI; is quite sensitive to
environmental conditions such as moisture, oxygen, and heat. The sensitivity towards
these degradation conditions decreases the devices’ effective usage rates over time
and, thus, reduces their actual service life [32]. Methods used to enhance the stability
of MAPbI; are encapsulation, compositional engineering, and synthesising of new
stable forms of MAPDI; such as FAPbI; and mixed cation perovskites. Another critical
concern is lead, which is a toxic heavy metal that has adverse effects on the environ-
ment and human health. Lead integrated into perovskite solar cells is an issue in mass
production and recycling. Current research is being conducted to come up with lead-
free perovskites with high efficiency and low toxicity as lead-based perovskites [33].

3.2 Lead-free perovskites

Due to potential lead toxicity issues, there have been significant attempts to syn-
thesise lead-free perovskite materials. Among the most studied alternatives is a group
of Tin (Sn)-based perovskites, for example methylammonium tin iodide (MASnI3)
[34]. Tin is also a member of group 14 and can also be incorporated into perovskite
structures with similar electronic characteristics to lead. Nevertheless, tin-based
perovskites have the issue of the fast oxidation of Sn** to Sn**, which causes instability
and performance degradation of the devices. To overcome these challenges, research-
ers have tried out different approaches, one of them being the partial substitution of
lead by tin to decrease the toxicity level and increase the efficiency of the perovskite
solar cells [35]. The second approach is doping Sn-based perovskites with other elements
to improve stability and electronic characteristics. Bismuth (Bi) and antimony (Sb)
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have also been proposed to replace lead in perovskite solar cells. The organic-
inorganic hybrid bismuth perovskites, including (CH3NH3)3Bilo, possess stability
and non-toxicity issues. However, the efficiency of these perovskites in photovoltaic
applications is slightly lower than that of lead perovskites at present [36]. More inves-
tigations are directed towards enhancing these materials using compositional design
and optimising the processing methods. In general, lead-free perovskites are a good
approach to addressing the problem of the environmental impact of lead; however,
matching their efficiency to that of lead-based perovskites is a major concern. One of
the main current research topics is the improvement of perovskite materials, which
should have high efficiency and stability and should not harm the environment.

3.3 Double perovskite materials

Double perovskites, which have two different cations at the B site, are promis-
ing materials for developing new photovoltaic materials. Of these, La,NiMnOg has
received considerable attention because of its magnetic and electronic characteristics.
In La,NiMnOse, the B sites are occupied by Ni?* and Mn** ions, which make them
ordered in such a way that may affect the electronic band structure and magnetic cou-
pling in the material. Since doping and variations in the composition of La,NiMnOg
can be used to control the properties of this material, it is appropriate for photovoltaic
uses. For instance, doping of La,NiMnOg by Sr. may lead to an increase of the density
of states, the change of the band structure, and the enhancement of the electronic
properties of the material [26]. Sr-doped La,NiMnOg has been found to improve the
efficiency of solar cells since the ratio of light absorption to charge carrier kinetics is
improved. In this regard, it has been discovered that the bandgap of La,NiMnOg can
be adjusted to the range of values that is suitable for the conversion of solar photons
by the incorporation of dopants and the control of cationic ordering. This flexibility
can be employed to fine-tune the material for particular application, which can be a
step towards the development of efficient solar cells with longer durability.

However, synthesising high-quality double perovskite thin films has the following
challenges. Among the most important factors that determine the device perfor-
mance and must therefore be controlled during the synthesis process are the cation
ordering and the extent of defects that are introduced. More advanced techniques such
as PLD and MBE are employed to have a better control over the film forming material
and the structure. However, they are costly and difficult to apply on a commercial
scale and hence may not be suitable for large-scale production of commercial solar
cells. Since it is possible to tune the properties of double perovskites in such a manner,
these materials may be crucial in the next generation of photovoltaic uses [37].

4. Fabrication techniques for perovskite solar cells
4.1 Solution-based methods
4.1.1 Spin coating
Spin coating is one of the most popular perovskite solar cell deposition methods
because of its simplicity, low cost, and capability to deposit a uniform thin layer [38].

The technique entails the preparation of a perovskite precursor solution and then plac-
ing the substrate on which the solution is to be coated and spinning at high speeds. The
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Figure 3.
Schematics of various solution-based fabrication techniques: (a) spin coating, (b) spray coating, and (c) doctor
blade coating. Adapted from Ref. [39], under CC BY-NC 3.0.

centrifugal force then disperses the solution on the substrate in a thin and uniform layer
(Figure 3a). This technique is useful for small-scale laboratory applications and has
been instrumental in the initial stages of perovskite solar cell development. The spin
coating process typically consists of two stages: deposition and drying. The perovskite
precursor solution comprising A, ‘B’ and ‘X’ in the deposition stage is spread on the
substrate. The substrate is then spun at high speeds (between 1000 and 5000 rpm) to
ensure an even distribution of the solution. The spin speed and concentration of the
solution can be used to regulate the thickness of the film. During the drying stage,

the solvent is removed while the film is still spinning, resulting in the formation of the
perovskite material in the form of a crystalline structure. The drying process should

be well controlled to produce high-quality films, uniform grain size, and almost no
defects. This can be achieved by solvent engineering, whereby an anti-solvent is added
dropwise to the spinning substrate to cause rapid crystallisation or by regulating the
temperature and relative humidity during the process. The spin coating method is
very efficient for perovskite film deposition in laboratory conditions but unsuitable for
large-scale production. The technique is rather complicated to apply over large areas,
and the thickness of the film may vary towards the edges. Nonetheless, spin coat-

ing continues to be one of the most commonly used techniques for the deposition of
perovskite films, especially for materials research and improvement [38].

4.1.2 Spray coating

Spray coating is another large-area solution-processed deposition technique for
perovskite solar cells. Perovskite precursor solution is atomized into fine particles and
then coated onto a substrate. The process can be taken outside or inside a controlled
setting in order to enhance the quality of the film (Figure 3b). Compared to other
deposition techniques, spray coating is used mostly for the deposition of perovskite
films on flexible or complex-shaped substrates, which may improve the flexibility of
the device. The main advantage of spray coating is its ability to be used for large-area
coatings, and thus, it can be used in mass production [40]. The thickness and unifor-
mity of the film that is being formed can be controlled with the help of the charac-
teristics of spraying, for example, size of droplets, distance from the substrate, and
the concentration of the solution. Also, the ability to use several spray heads at once
allows for the deposition of the layers consecutively—something that is critical when
forming multi-layered structures. But spray coating does come with some drawbacks;
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the thickness of the film is not uniform; the droplets tend to coalesce and there is poor
coverage. These problems can be solved by optimising the spray process as well as the
post-deposition treatment like thermal anneal or solvent anneal, which will help in
getting better quality of the films and higher degree of crystallinity [41].

4.1.3 Doctor blading

Doctor blading or blade coating is another solution-based method even more
scalable than spin coating [42]. In this technique, a perovskite precursor solution is
applied on a substrate, and then, a blade or knife is used to bar the solution into a layer
(Figure 3c). The thickness of the film can be regulated through the distance between
the blade and the substrate and the speed of the blade. Doctor blading is advanta-
geous in the sense that it is relatively easy to implement and may be more suited for
large-area substrates; therefore, it is more likely to be used in large-scale production.
It can be readily incorporated into roll-coating systems in which a thin and continu-
ous material layer is applied to a flexible support medium, such as plastic or metal
foil. This makes it possible to produce perovskite solar cells on a large scale, which
may lead to a reduction in the cost of production. A major difficulty of the doctor’s
blading process is to produce a homogeneous film thickness over a wide area. Some of
these factors include the viscosity of the precursor solution, the surface energy of the
substrate as well as the drying conditions, and these factors must be well controlled in
order to prevent some of the defects that are commonly associated with the process,
such as pinholes, non-uniform thickness, or incomplete coverage. Nonetheless, prog-
ress in process control and the development of new materials have rendered doctors
blading a viable method for the up-scaling of perovskite solar cells [42].

4.2 Vacuum-based methods
4.2.1 Thermal evaporation

Thermal evaporation is one method that works under vacuum, and it is used
to deposit perovskite on the substrate. In this process, the perovskite precursor
materials are heated at such a level that the material evaporates in a vacuum cham-
ber. The vaporised species then condense to form a thin film on a more relaxed
substrate because heat transfers from the substrate to the vaporised species.
Thermal evaporation has some merits, such as depositing high-purity films, and
the thickness and composition of the films can be well controlled [43]. The other
advantage of thermal evaporation is that the deposition of perovskite layers can be
done in a clean environment, enabling the control of the film’s composition. This
technique is very efficient for depositing multilayer structures where each layer can
be deposited rapidly to the next layer. Thermal evaporation is often applied when
depositing perovskite onto other materials, such as silicon, to develop tandem
solar cells, which are more effective. The high ability of perovskite films to be
deposited on different substrates, including flexible and transparent ones, makes
thermal evaporation one of the most appropriate techniques for future sun power
cell designs [44]. Thermal evaporation, on the other hand, is expensive because it
requires vacuum equipment and is unsuitable for large-area deposition, as is the
case with solution-based techniques. The process also has energy costs since the
precursor materials require heating to high temperatures to evaporate; this may be
a limitation to mass production (Figure 4).
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Figure 4.
Schematic diagram depicting the fabrication process using thermal evaporation technique. Adapted from Ref. [45]
under CC BY licence.

4.2.2 Pulsed laser deposition (PLD)

Another vacuum-based technique employed for the synthesis of perovskite solar
cells is called pulsed laser deposition (PLD) which is also used for the deposition of
high-quality perovskite thin film with precise control over composition and thickness
[44]. In PLD, a high-power laser pulse is incident on a target material and due to this,
target material is vaporised and converted into a plasma plume. The material then
vaporises and condenses on a substrate in the form of a thin layer of a film. Some of
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Figure 5.

Depiction of a pulsed laser deposition mechanism for fabrication of perovskite layers. Adapted from Ref. [47]
under CC BY licence.
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the advantages of PLD are as follows: It is easy to deposit multi-component materi-
als and a stoichiometric transfer of the target material to the film. This is especially
helpful in the formation of double perovskite materials because the cation content
defines the electronic properties of the compound. The high quality of the films that
are produced with smooth surface and clear interfaces is one of the major benefits of
the PLD process and it makes it very suitable for creating complex structures of the
solar cells like the heterojunction or the tandem cells [46]. It is also versatile in terms
of the substrate it can be used on and can be used on flexible materials leading to new
device structures. However, PLD is slow, it has low deposition rates, and it involves
complicated vacuum systems; therefore, it is not suitable for large-scale production.
Another disadvantage of using high energy is that it results to target degradation and
non-uniform film in laser ablation. However, as is mentioned above, PLD is still an
effective method for R&D of perovskite PVs, especially when the new materials and
structures are to be found (Figure5).

5. Performance and stability metrics of perovskite solar cells
5.1 Power conversion efficiency (PCE)

The most significant characteristic of solar cells is the power conversion efficiency
or PCE, which defines the capability of the solar cell to convert light into electricity
[48]. Lately, perovskite solar cells have had a very high PCE improvement in the past
10 years; laboratory perovskite-sized devices have PCEs above 25%. This develop-
ment is because of the properties of the perovskite materials such as high absorption
coefficients, tunable band gap, and long diffusion lengths of the carriers. The PCE of
a perovskite solar cell consequently depends on the quality of the perovskite layer, the
efficiency of the charge transport layers, and the structure of the solar cell. The films
should not have any defects, and the grain size should be small and homogenised
to enhance the probability of light absorption and reduce the recombination losses.
Another aspect that is important for the efficiency is the choice of charge transport
materials that assist in the extraction of electrons and holes from the perovskite layer.

5.2 Open-circuit voltage (V)

Another parameter that defines the performance of perovskite solar cells is open-cir-
cuit voltage (Voc). Voc is the maximum open circuit voltage obtained from the solar cell
when no current is flowing through the circuit. It is determined by the difference of the
conduction band of the electron transport layer, the valence band of the hole transport
layer, and the energy levels of the perovskite material [49]. Perovskite solar cells gener-
ally have high V¢ values because of the steep absorption edge and low non-radiative
recombination. A high Vo is significant in enhancing the PCE since it contributes to the
device’s conversion efficiency. Scientists have tried to improve Vi by several approaches,
which include the proper alignment of energy in the perovskite and charge transport
layers and the minimisation of the defect states in the perovskite film.

5.3 Short-circuit current density (Jsc)

Jsc stands for short-circuit current density, which is the current density of the
solar cell when the terminals of the cell are shorted and is the maximum current that
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the cell can deliver under standard test conditions. Jsc is dependent on the absorption
spectrum of the perovskite material, thickness of the perovskite layer, and the quality
of the interfaces between the perovskite layer and the charge transport layers [50]. The
perovskite material incorporated should be able to capture sunlight especially in the
visible light range for the achievement of high Jsc values in the solar cells. The thickness
of perovskite layer must be tuned to ensure that it can capture the light and at the same
time, to reduce the recombination of the carriers. Moreover, the contact between the
perovskite layer with the charge transport layers should be designed in a manner that
will enhance the extraction of charges while on the same reducing the recombination
of charges. Innovations in the structure of perovskite material such as the use of mixed
halide perovskites and the deposition of passivation layers have boosted Js¢ in the recent
past. All these advancements have helped to improve the overall performance of PCE in
perovskite solar cells, making them potential candidates for commercialisation.

5.4 Fill factor (FF)

The fill factor (FF) measures the quality of the solar cell output characteristics and
is given by the ratio of the maximum power output Pm to the product of V¢ and Js¢
[51]. FF depends on the series resistance and the shunt resistance of the solar cell, as
well as the recombination activities in the device. A high FF implies that charges are
well extracted from the active layer, and there are low resistive losses, which favour
high PCE. Measures to enhance FF in perovskite solar cells are the perovskite film
surface quality, CTLs’ conductivity, and the interface defect.

6. Potential applications and future prospects of perovskites
6.1 Applications
6.1.1 Building-integrated photovoltaics (BIPV)

The perovskite solar cells (PSCs) can be integrated into building structural
components due to their versatility in terms of shape and, form and their aesthetics
[52]. Perovskites, unlike silicon-based panels, are flexible in colour and transparency,
making it possible to integrate them into windows, facades, and roofing systems. For
instance, the semitransparent perovskite films allow architects to develop unique
designs of buildings and make them energy-efficient and visually appealing.

6.1.2 Flexible electronics

Perovskite films can be easily integrated into flexible electronics. They are also
low-density and in thin film form, so they can be applied to flexible systems such as
fabrics and curved surfaces to fabricate solar panels [53]. It also opens up new prod-
uct opportunities in portable and wearable electronics like Foldable solar panels for
charging or energy fabrics.

6.1.3 Wearable devices

The application of perovskite material has been considered in wearables because
this material is light and has high energy conversion efficiency. Integrating perovskite
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solar cells with wearable devices will produce a power supply for gadgets like smart-
watches, fitness trackers, and other products [54]. Because they can easily be made
in different sizes and shapes, they will be suitable for incorporating into the fashions
that are worn daily.

6.1.4 Solar-powered vehicles

Perovskite solar cells will probably revolutionise the automotive industry, whereby
the cells are installed in cars to provide extra or even primary power. Due to their low
weight, flexibility, and high efficiency of operation, they can be mounted on roofs,
windows, and other parts of the body of a car. This can help charge electric vehicles
(EVs), avoid reliance on external charging, and even increase the driving range by
charging all the time. In solar-powered vehicles, perovskites could also be helpful in
energy control systems to power the vehicle electronics and reduce the effect on the
environment [55].

6.1.5 Portable solar chargers

Perovskite solar cells are light and highly efficient; therefore, they are suitable for por-
table solar chargers. These chargers can be used to charge small portable electronics like
smartphones, tablets, cameras, and the like in a convenient and environment-friendly
way. As perovskite-based chargers are flexible, they can be rolled up, folded, or placed
in a backpack and other outdoor equipment, which can be very useful when camping,
hiking, and other activities without direct access to the main power supply [56].

6.1.6 Space applications

Due to the low weight and high efficiency of perovskite solar cells, they are
suitable for use in space, including satellite and space station operation, as well as in
space exploration. In space, weight is a significant concern, and since perovskite solar
panels are relatively lighter than traditional silicon panels, the cost of launching and
operating them is considerably lower [57]. In addition, they can be easily arranged
in a compact, foldable format that can be carried around and then unfolded in space.
Efforts are still being made to make perovskite more radiation tolerant, thus making
them suitable for long-term space expeditions.

6.2 Unique properties of perovskites

Perovskite materials exhibit several unique properties that contribute to their suit-
ability for these applications. The following are some of the properties of perovskite
materials that make them suitable for these applications:

6.2.1 High efficiency

Perovskite solar cells have been researched for the last few years due to their high
PCE, which is at par with silicon-based solar cells. Perovskites have other favourable
optoelectronic characteristics, including a high absorption coefficient, long carrier
diffusion length, and low recombination rate, hence high efficiency. Such character-
istics enable perovskite solar cells to absorb and convert more sunlight into electricity.
The perovskite cells’ laboratory efficiencies are now over 25%, thus at par with the
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best silicon technologies. Likewise, the versatility of incorporating perovskites with
other materials in tandem structures is beneficial for further efficiency improvement,
making the perovskite solar cells a premier contender for the next generation of
photovoltaic systems.

6.2.2 Low processing costs

This is one of the greatest strengths of perovskite solar cells, mainly because it has
been predicted that they will not be costly to produce. Silicon solar cells, on the other
hand, involve high-temperature and energy-consuming processes such as crystal
growth and wafer fabrication. At the same time, perovskite can be synthesised and
deposited at low temperatures through a solution process. Such deposition methods
as spin coating, inkjet depositing, and spray coating allow manufacturing at a large
scale and a low cost. Moreover, the roll-to-roll printing technique, which has been
used for flexible electronics, can also be used to produce perovskite solar cells on
flexible substrates continuously. This low-temperature processing, combined with the
possibility of scaling up the production, significantly reduces the cost of production
of perovskite solar cells and thus can be suitable for large-scale production.

6.2.3 Tunable bandgap

One of the most outstanding characteristics of perovskite materials is the ability
to control the bandgap’s value by changing the material’s chemical composition, for
example, replacing one or more of the halogen atoms or the cation. This tunability
makes it possible for perovskites to be tailored to fit in the various segments of the
solar spectrum and is hence suitable for photovoltaic applications. For instance, by
choosing particular compositions, it is possible to enhance absorption in specific
spectrum regions, thus enhancing the performance of tandem solar cells or multi-
junction devices. This flexibility in adjusting the bandgap will allow for creating new
perovskite-based photovoltaic applications that are more specialised and will add to
the versatility of perovskites in innovative solar systems.

6.2.4 Lightweight structure

Perovskite solar cells are much lighter than conventional silicon solar cells, which
is a significant advantage in several ways. Firstly, perovskite solar cells are lightweight
and, as such, can be applied in aerospace applications, portable electronics, and
wearable technology. The low density of perovskites also makes them portable and
easy to transport and install, thus cutting the costs that accompany the transport
and installation of large solar plants. This property is precious for such applications
where conventional rigid and massive silicon panels are not suitable, thus opening
new opportunities for the development of solar technology.

6.2.5 Wide absorption spectrum

Perovskites are also characterised by a high absorption coefficient value that is
over the spectrum range of UV and NIR. This broad absorption characteristic makes
perovskite solar cells able to capture more energy from the sun—another reason for
high PCE. Perovskites also have a feature of trapping low-energy photons that other
materials may not trap, and this makes them effective even in polluted or low-light
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conditions, such as those that prevail in cloudy or indoor environments. This broad-
spectrum absorption makes perovskites suitable for any lighting conditions and,
therefore, suitable for any application in solar energy conversion.

6.2.6 Defect tolerance

Perovskite materials are very immune to defects in their structures, which is a plus
for their use. However, they can have high performance, so the quality of the material
can be a little low, making producing these cells less sensitive and cheaper. This defect
tolerance also enables perovskite solar cells to have better stability and reliability in
real life since there will always be some defects in the solar cells. For this reason, the
ability to operate at the highest efficiency with imperfections in the material structure
makes perovskites stable and reliable for large-scale applications in various configura-
tions and applications.

All of these properties contribute to the conclusion that perovskite materials can
change the field of solar energy and further extend their application to other new and
advanced technologies.

6.3 Emerging research directions

Because of the fast development of perovskite materials, much attention has been
paid to it in both academic research and the industry. Indeed, it is evident that as
the field advances new ideas and potential research areas that may help to enhance
the performance, stability, and scalability of the perovskite-based technologies
are emerging. These include following areas depicting the versatility of perovskite
materials in future generation energy technologies:

6.3.1 Tandem solar cells

Tandem solar cells are the most promising development in the photovoltaic
field, where perovskite materials are incorporated into silicon or other photovoltaic
materials to increase efficiency. These tandem structures can be created by stacking
perovskites on top of the conventional silicon cells, and this is because different mate-
rials have different absorption characteristics. The first perovskite layer is designed to
capture high-energy photons, and the second silicon layer is responsible for capturing
low-energy photons for optimum energy conversion. It has the possibility of attaining
efficiencies that are much higher than those of single-junction cells that are restricted
by the Shockley-Queisser limit. With research advancing further, the concept behind
the tandem cells is expected to gain higher levels of commercial appeal, which will
lead to better solar solutions that can revolutionise the energy market [58].

6.3.2 Perovskite-based multi-junction solar cells

Multi-junction solar cells using perovskite materials are another way to develop
solar cells. These cells accumulate one layer of various photovoltaic materials, each
intended to capture specific parts of the solar spectrum [59]. Thus, by controlling the
composition and thickness of these layers, scientists strive to go beyond the efficiency
of p-n cells. In theory, the various junctions in multi-junction cells can provide effi-
ciencies of over 40% and are thus some of the most effective solar cells. The problem
here is how to achieve stable, high-quality interfaces between the layers and the fact
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that each layer must function as well as possible. Future developments in material
technology and in manufacturing perovskite-based multi-junction photovoltaic cells
may create a new benchmark for the entire solar power system.

6.3.3 Next-generation photovoltaic technologies

Combining perovskites with future-oriented PV technologies such as OPVs and
QDSCs is a current research field. These so-called hybrid technologies are designed to
optimise the properties of each technology, thus creating new generations of photo-
voltaic devices with higher efficiency, flexibility, and adaptability [60]. For instance,
perovskite-organic hybrid cells could combine the advantages of being flexible and
cheap to produce organic photovoltaics and the high efficiency of perovskites. Likewise,
incorporating perovskites with quantum dots—nanoscale semiconductor particles with
adjustable photovoltaic characteristics—can boost light absorption and carrier dynam-
ics in solar cells. These next-generation photovoltaic technologies are seen to offer the
potential for delivering more flexible and high-performance solar systems for various
uses, including portable electronic devices and large power stations.

6.3.4 Perovskite-silicon heterojunctions

Perovskite-silicon heterojunctions significantly improve solar cell design as they
take the best of the perovskite and silicon properties. In this case, researchers can stack a
perovskite on top of asilicon solar cell to form a heterojunction that offers both the effi-
ciency of perovskite and the stability of silicon [61]. This combination not only improves
the total conversion efficiency of power but also leverages the mature silicon manufac-
turing system and demand. The invention of high-performance and stable perovskite/
silicon heterojunctions can change the solar industry and provide a cost-effective route
towards exceeding the efficiency limits of conventional silicon-based photovoltaics.
These hybrid cells could become one of the most popular technologies in the solar
industry as research continues, thus bringing down costs and increasing efficiency.

6.3.5 Perovskite quantum dots for photovoltaics

Perovskite QDs are a relatively new research area with many advantages over bulk
perovskite materials. Quantum dots are semiconductor nanocrystals that have their
dimensions in the nanometre size and are capable of quantum confinement effects for
their band gap and optical characteristics. In the context of photovoltaics, perovskite
QDs can be employed to form high efficiency and stability of the solar cells and
enhance light trap and charge carrier dynamics. The size of QDs is small, allowing
for the fine-tuning of the electronic characteristics of the material, and the ability to
decide what these characteristics are is a significant advantage that the technology
has over other approaches. Also, perovskite QDs can be solution-processed, ensuring
they can be used in large-scale, low-cost production. Perovskite QDs are still under
investigation, and future research may lead to higher efficiency and new applications
such as solar windows and portable, flexible solar cells [61].

6.3.6 All-perovskite tandem solar cells

Tandem solar cells made only of perovskite materials incorporate two or more
layers of perovskite materials with varying bandgaps arranged in a tandem manner.

135



Advanced Cevamics Materials — Emevging Technologies

While conventional tandem cells use perovskites with other materials, such as silicon,
all-perovskite tandem cells utilise various perovskite layers designed for different
solar spectrum parts [62]. It is possible to achieve very high utilisation of sunlight,
and thus, the power conversion efficiencies are higher than those of single-junction
perovskite cells. Current work in this field is dedicated to modifying perovskite to
achieve high stability and efficiency, achieving the desired bandgap, and optimising
the fabrication of the structure to form perfect interfaces between the layers. All-
perovskite tandems are considered one of the most promising approaches to creating
the next-generation ultra-efficient, lightweight, flexible, and low-cost solar cells.

6.3.7 Perovskite solar cells for indoor photovoltaics

Perovskite solar cells for indoor photovoltaics (IPV) are a fast-emerging area
that aims at harvesting energy from artificial lighting [63]. Indoor conditions are
characterised by lower light intensity and different spectrums compared to sunlight,
and perovskites are well suited to indoor light conditions because of their ability to
tune the absorption and their efficiency at low light. Indoor perovskite materials may
pave the way to highly efficient IPV systems that can power small devices in smart
homes, as well as IoT devices such as sensors, small electronics, wearables, and more,
without the need for batteries. This research direction is most suitable for developing
indoor energy self-sufficient spaces, minimum battery replacement or recharging
requirements, and the emergence of a new generation of energy-efficient indoor
technologies.

These new directions demonstrate the richness of perovskite materials and
promise to go beyond the state of the art in photovoltaic applications. Therefore, the
potential application of perovskite solar cells is limited to conventional solar cells and
extended to many other fields. Nevertheless, commercialisation has problems, but
constant research and development offer new possibilities for advancing photovoltaic
technologies.

7. Conclusion

This chapter seeks to present the subject of this study, that is, perovskite solar
cells (PSCs), as the object that holds the potential to transform the solar energy
sector. PSCs are morphologically distinct from conventional photovoltaics based on
silicon due to their high efficiency, low processing costs, and flexibility, which can
be adapted to BIPV, flexible electronics, and wearable devices. Thus, it is creative
in addressing energy issues and ensures that solar technology is integrated into
people’s lifestyles. However, there are some issues related to the development of PSCs
to reach full-scale commercialisation. There are stability issues as PSCs are equally
affected by environmental factors that could affect their performance in the long run.
Moreover, the transition of the process from a pilot scale to an industrial scale has its
own problems in terms of technology and the economy. However, the future of PSCs
is not so gloomy, as the development in this field is still ongoing. It is for this reason
that tandem solar cells that are combined with other materials, such as PSCs, to offer
higher efficiency and perovskite-based multi-junction cells that are developed to
capture more of the solar spectrum are believed to be among the most promising nov-
elties of the photovoltaic industry. Perovskite QDs have great potential for fabricating
efficient and stable solar cells with excellent optical properties. Some improvements
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have been reported in perovskite-silicon heterojunction and all perovskite tandem
solar cells, which combine the best of both worlds and expand the applicability of the
technology. Apart from improving PSC’s performance and flexibility, these advances
generate new applications such as high-efficiency solar panels, energy-harvesting
devices for smart homes and wearable technologies. If the current challenges are met
and the research continues, PSCs can significantly revolutionise the solar industry
with efficient, clean, and flexible energy solutions. Hence, as renewable energy is
adopted more often, PSCs can assist in providing the world with energy without
being detrimental to the environment.
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Abstract

Hot isostatic pressing (HIP) is pivotal in advancing ceramic materials by consoli-
dating and densifying them through high temperature and pressure. This technique
significantly improves mechanical, thermal, and electrical properties, resulting in
ceramics with enhanced structural integrity and reduced porosity. HIP addresses
challenges of traditional fabrication methods by achieving near-theoretical den-
sity while minimizing residual pores and defects. The outcome is ceramics with
superior mechanical strength, wear resistance, and thermal stability, making them
ideal for demanding applications such as cutting tools, biomedical implants, and
high-performance engine parts. Additionally, HIP facilitates the production of
complex-shaped ceramic components, enabling intricate designs and the integration
of multiple functionalities within a single part. It can also consolidate ceramic-based
composites with reinforcing fibers or particles, providing tailored properties for spe-
cific applications. Overall, HIP is essential in the development of high-performance,
reliable, and cost-effective ceramic components necessary for various industries,
including aerospace, energy, and healthcare.

Keywords: hot isostatic press, HIP, capsulation advanced ceramics, transparent
ceramics, ceramic manufacturing techniques

1. Introduction

Hot isostatic pressing (HIP) is a manufacturing process designed to decrease
the porosity and increase the density of various ceramic materials. This technique
improves the mechanical properties and performance of these materials by subject-
ing components to high temperatures and isostatic gas pressure in a high-pressure
chamber. Argon is commonly used as a pressurizing gas due to its inert nature, which
prevents chemical reactions with the materials. As the chamber is heated, the inter-
nal pressure rises, often aided by continuous gas pumping to maintain the desired
pressure. The uniform application of pressure from all directions is why this process
is called “isostatic.” Currently, HIP is extensively used in the production of ceramic
components. The advantages of the HIP process have led to its widespread adoption in
shaping structural ceramics. Non-oxide ceramics can be converted into high-density
components using this method. Additionally, components produced through HIP
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usually have small grain sizes and often do not require additives. The combination

of high-density and fine grain structure results in components with outstanding
properties. In the HIP forming process, temperatures typically range from 500°C to
1900°C, and pressures range from 500 to 2000 kgf/cm®. Key applications of these
high temperatures and pressures include: (1) producing components capable of
withstanding high operational pressures, (2) enhancing physical properties through
phase transformations under pressure, (3) accelerating solid-gas chemical reactions,
(4) significantly reducing the need for sintering additives in ceramics, (5) enabling
the manufacture of parts that closely match their final shapes, minimizing the need
for complex machining, and (6) preventing excessive grain growth There are gener-
ally two main methods for shaping parts using hot isostatic pressing: (a) pre-shaping
through techniques such as slip casting, cold isostatic pressing (CIP), additive manu-
facturing (e.g., 3D printing), and plastic forming methods (e.g., injection molding).
After pre-shaping, the products are sealed in chambers or glass capsules to undergo
the HIP process. (b) The pre-shaped components initially undergo pressureless sinter-
ing, achieving a density of 90-95% with minimal porosity. To reach near-theoretical
maximum density, the components are then subjected to a post-HIP process [1-3].

2. Encapsulation method

The encapsulation method is a widely utilized technique for high-density sintering
of powders. This process involves placing the powder into a mold, sealing the inlet,
and applying isostatic pressing to the capsule. By using hot gas to exert pressure, this
technique enables the production of parts with enhanced density [4].

The applications of encapsulation are diverse, encompassing the sintering of pow-
ders that are difficult to process by conventional methods, the creation of composites,
and the impregnation of porous materials with a molten phase. A crucial element
of the encapsulation process is the effective sealing of the capsule, which ensures it
remains gas-tight. The capsule’s function is to uniformly deliver gas pressure to the
powder, facilitating compaction and the subsequent formation of the component [5].

Various materials and techniques can be used for encapsulation, including metals,
glasses, and coatings. Metal encapsulation typically employs materials with high soft-
ening points and adequate plasticity. Glass encapsulation is particularly beneficial for
producing ceramic parts, as it minimizes surface contamination and allows for easier
removal. Coated capsules may utilize a chemical vapor deposition (CVD) process to
apply a micrometer-thick coating on the component’s surface [4].

Distinct encapsulation methods each offer unique advantages:

a.They enable high-density fabrication of materials that are challenging to sinter
with traditional techniques, such as spherical powders, superalloys, and nitride
ceramics like boron nitride and silicon nitride,

b.They provide some control over the capsule atmosphere, allowing for processes
such as vacuum conditions when purity is essential,

c. They incorporate preheating systems tailored for specific heat treatment needs,

d.They facilitate the creation of hollow cylinders using the hard-core technique,
employing a material with superior temperature resistance and mechanical
strength compared to the original powder.
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Nevertheless, the encapsulation method has its limitations:

a.It requires a complex preprocessing phase, including the shaping and sealing of
capsules, to successfully perform the hot isostatic pressing (HIP) process.

b.There are restrictions in choosing encapsulation materials due to differences in the
thermal expansion coefficients between the encapsulating material and the part.

2.1 Metal encapsulation

The powder or component formed from the powder is sealed in a metal capsule and
subjected to the hot isostatic pressing (HIP) process. The choice of material for encap-
sulation depends on factors such as the heat treatment temperature, the reactivity of
the powder with other materials (type of capsule), and cost considerations. Typically,
the maximum recrystallization temperature for metals and superalloys is below
1500°C. In heat treatment processes involving alloys and metals, stainless steel capsules
are commonly employed due to their ease of fabrication and welding. A primary reason
for encapsulation is to achieve precise geometrical shapes; thus, metals with good
malleability facilitate the shaping of the metal powder for sintering. However, encapsu-
lation is generally limited to simple geometries, such as cylindrical shapes. The compo-
sition, impurity levels, and average particle size of the powder significantly influence
the mechanical properties of the final sintered component. When employing the HIP
process for encapsulation to produce high-density parts, the bulk density of the compo-
nents is crucial. Consequently, the use of spherical particles with high compressibility
is a key aspect of this process. For powders that cannot be compressed to 60% density,
preforming techniques—such as cold isostatic pressing (CIP)—are recommended. The
dimensions of the capsule required for the encapsulation process are determined by the
relative density of the molded or sintered powder or component [6].

As illustrated in Figure 1, metal capsules typically consist of a thin welded metal
body, with the top and bottom sealed using tubes that serve as powder and vacuum

Powder

Gas Pressure

\
Weld Zone \\

Gas Pressure

Figure 1.
Typical mild steel capsule.
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inlets. Once the powder is packed into the capsule, air, moisture, and gases are evacu-
ated via a vacuum process. The heat treatment process, initiated by HIP, begins at
lower temperatures. Due to the softening of the steel at elevated temperatures, heat-
ing continues until the ductility temperature of the steel is reached. Subsequently, gas
pressure is incrementally increased until both pressure and temperature reach their
maximum values. During the HIP process, the capsule experiences uniform pressure
from all directions, allowing the materials undergoing heat treatment to approach
their final properties [6]. After the hot isostatic pressing process, the capsule must be
removed. Its shape and structure significantly differ from those of the initial cap-
sule and powder, and in many cases, the capsule may have reacted with the formed
component, leading to penetration. Consequently, the removal of the capsule can be
a time-consuming and costly endeavor. Mechanical methods, such as turning, and
chemical dissolution are potential techniques for this removal process [4].

2.2 Glass encapsulation method

Another encapsulation method involves the use of glass capsules, which are then
sealed under vacuum. This process is akin to metal encapsulation; however, it becomes
challenging to apply when the components exhibit irregular shapes or high porosity.
Glass capsule technology is particularly effective for fabricating engineering ceramic
parts that require high sintering temperatures, such as silicon nitride and silicon
carbide. The mechanisms and loading conditions for the powder within the sample are
largely consistent with those used in metal capsules. The advantages of utilizing glass
capsules include their availability, cost-effectiveness, and reduced preparation time [6].

2.2.1 Glass encapsulation material

To address the challenges associated with the metal encapsulation process—such
as weld points and the brittleness of steel—while accommodating the higher tem-
peratures required for sintering high-temperature ceramics like silicon nitride, a glass
encapsulation process has been developed. This method offers several advantages,
including the production of components that are closer to their final shape and
improved cost-effectiveness due to the easier removal of glass material. It is important
to note that the glass encapsulation technique is still in the developmental stages and
has shown promising results at the laboratory scale, though further advancements
will require time. The glasses used in encapsulation must exhibit high-temperature
tolerance, typically ranging from 1600°C to 2000°C, making them unsuitable for
metal capsules. Additionally, the softening point and viscosity of the glass are critical
for effectively sintering engineering ceramic components, as these properties ensure
efficient performance and optimal pressure transfer. During the initial heating stage,
glass capsules surrounding the raw material powders act as a barrier to neutral gas
flow, and given the potential reactions between the encapsulating material and the
glass, it is essential for the glass to have a softening point lower than the sintering
temperature of the components. As the temperature increases, the layers of material
gradually migrate toward the component, and the lack of gas penetration within these
layers leads to pressure buildup and compaction of the powder. A table detailing vari-
ous types of glasses and their characteristics is provided below [7, 8]. The properties
needed for encapsulation glasses are highly dependent on the glass composition, and
all the composition constraints mentioned earlier must be followed to ensure that all
the necessary properties are integrated into a single glass.
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The properties required for encapsulation glasses depend critically upon the
composition of the glass, and all of the composition limitations hereinabove set forth
must be observed if all of the required properties are to be combined in a single glass.
The coefficient of thermal expansion (CTE) of glass significantly influences the glass
encapsulation process. A CTE value that closely matches that of the material being
processed under hot isostatic pressing (HIP) helps mitigate the formation of micro-
cracks. Furthermore, the glass utilized as a capsule must be precisely bonded to the
bulk material. The strain point refers to the temperature at which internal stresses in
the glass are relaxed over a few hours. In contrast, the annealing point indicates the
temperature where these internal stresses are relieved within a few minutes [9].

Key performance indicators (KPIs) in the glass encapsulation method include
strain points, annealing points, softening points, and working temperatures, as
outlined in Table 1. Additionally, Figure 2 illustrates the relationship between tem-
perature and viscosity in graphical form. Once the temperature reaches the annealing
point, deformation of the glass occurs, driven by applied forces. It is crucial to achieve
the glass’s annealing temperature; if stress is applied before this temperature is
reached, small cracks and breakage may develop in the glass capsule [10].

In a research study, an intermediate layer is used, which can be created by dif-
ferent methods, such as spraying or deep coating, and has a thickness ranging from
0.5 to 1 mm. After coating, the ceramic piece is degassed at room temperature and
then placed into the hot isostatic pressing (HIP) system, where the temperature
is raised until the outer layer is completely melted. The powder between the part
and the glass layer prevents the penetration of the glass into the part. Applying
pressure after changing the initial state of the outer layer of glass takes place in
the temperature range of 600-1100°C, while the inner layer of glass powder also
changes state at 1300-1600°C. Then, the hot isostatic pressing process is carried out
in the temperature range of 1600°C with a pressure of 100-200 MPa. After the glass
processing is finished, the glass is removed from the piece using the sandblasting
process. Additionally, BN powder is used as a spacer layer between the part and the

Composition PYREX © VYCOR© QUARTZ

Si0,:80.9%  ALO;:23%  Si0,:96% Si0,:100%

Fe,05: B,05:12.7% B,05:2.6%
0.03%

Na,0:4.0% K,0:0/04% Others

Thermal expansion 0-300°C 325 75 55
coefficients 25°C (strain 35 55 35
point)
Characteristic temperature Strain point 510 890 956
0 Slow-cooling 560 1020 1084
point
Softening point 821 1530 1580
Operation point 1252 — —
Density (glem®) 2.23 218 2.20
Youngs modulus (x10 kg/mm?) 6.4 6.9 74
Table1.

Properties of glasses employed in the glass encapsulation process.
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Figure 2.
The correlation between glass temperature and viscosity [10].

glass to facilitate the separation of the capsule from the part, and B,0; can also be
used as a protective layer by mixing it with Si3;Nj at a ratio of 50:50 by weight, where
the B,0O; reacts with the surface layer of Si;N, at a temperature of approximately
1000°C, forming a boron nitride layer that prevents the penetration of glass into the
silicon nitride ceramic. The pre-sintered body of silicon nitride is placed inside a
capsule made of SiO, or borosilicate glass, which is then kept in an oven at 100 with
avacuum of 0.1 Pa for 8 hours before being sealed and heated to a temperature of
1250°C, where the softening point of the glass is reached, and the glass changes its
shape. The capsule is then placed in the HIP chamber, and a pressure between 200
and 300 MPa and a temperature between 1700°C and 1800°C are applied to the parts
for at least 2 hours. Using this method, more complex shapes can be produced, and
compression of Si;N, using HIP in SiO, powder is another method, where silicon
nitride ceramic is placed in a bed of SiO, powder inside a capsule of borosilicate
glass, usually Pyrex [11, 12].

2.2.2 Sealing of glass capsules
Solder glasses can be classified as either vitreous or devitrifying. Vitreous glasses
are thermoplastic materials that melt and flow at consistent temperatures each time

they are heated. On the other hand, devitrifying solder glasses, often referred to as
frits, are surface-nucleating thermosetting materials. When heated, they crystallize,
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resulting in their unique expansion properties [13]. The proximity of the glass to

the main body raises the potential for chemical interaction due to temperature and
pressure variations during the hot isostatic pressing (HIP) process. Therefore, it is
advisable to select materials that exhibit minimal reactivity. Additionally, it is essen-
tial to ensure that the sintering temperature remains below the glass’s softening point.
Several techniques can be employed for sealing components intended for encapsula-
tion with glass during the HIP process, including Ref. [2]:

* Sealing using the glass ampoule method

* Sealing under applied pressure

* Sealing by immersion in powder

* Sealing via the sintered glass method

* Sealing through a coating method
2.2.2.1 Glass ampoule method

In this method, the article is placed inside a glass ampoule and surrounded
by glass powder, which is sealed using oxyacetylene flames. During sealing, a
vacuum is simultaneously applied to ensure the interior of the parts is free of gases.
Subsequently, the ampoule is heated in a hot isostatic pressing (HIP) unit to reach
the glass softening temperature under reduced pressure before applying gas pressure.
However, this technique has several disadvantages. First, the vacuum sealing process
is sensitive; any leaks can cause the glass capsule to rupture when gas pressure is
increased, potentially damaging heating elements. Second, the method is limited to
samples with simple geometries. Lastly, the choice of glass composition is critical,
as the capsule must soften at a temperature slightly below the sintering temperature
while maintaining high viscosity throughout the densification process. A schematic
representation of this process is shown in Figure 3 [14].

2.2.2.2 Pressurize method

In this method, the component is initially shaped using powder metallurgy
techniques and then surrounded by glass powder. Following this, heat treatment is
performed until the glass powder softens. A uniaxial press is then employed to apply
pressure, facilitating the welding of the powders and ensuring they bond together
[14, 15].

2.2.2.3 Sintered glass method

In this process, glass powder is initially mixed with an appropriate solution to
create a slurry, which is then applied to the surface of the preformed component.
Following the application, the slurry is dried and sintered, resulting in a sealing coat-
ing that prevents gas penetration. If this coating process is performed in a single step,
there is a risk of cracking and delamination. To mitigate this, the coating procedure is
repeated multiple times until the desired thickness is achieved [14-16].
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Figure 3.
Sealing process using the glass ampoule method [14].

2.2.2.4 The glass bath method

The method described in Ref. [6] involves processing a porous body by immersing
it in powdered glass with a low softening temperature. This approach is similar to the
encapsulation method but without the need for the complex encapsulation technique.
However, this method has some drawbacks—the low-density green body tends to
float on the molten glass, requiring a means to keep the workpiece submerged below
the glass surface. Additionally, the low-softening-temperature glass often penetrates
the pores of the workpiece, necessitating a specialized coating to be applied over the
entire surface of the workpiece. The shaped components are initially encased in glass
powder and then subjected to heat treatment, followed by the hot isostatic press-
ing (HIP) process. It is crucial that the sintering temperature exceeds the softening
temperature of the glass, with the process beginning at the glass’s softening point, at
which point argon gas is injected to apply pressure, and the temperature is further
elevated to reach the sintering point of the components during the immersion in glass
powder [15, 17].

2.2.2.5 Coating method

The rationale for this method dates back to the proposal of coating the pores of
a preformed raw material to prevent argon gas penetration. Instead of employing
various types of capsules and sealing methods, the idea was to utilize a thin coating to
obstruct argon gas during the hot isostatic pressing (HIP) process. Coating techniques
considered for this purpose include plasma spraying, which creates a protective layer,
as well as Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD).
However, a major drawback of this approach is its inability to effectively fill all pores
and create a uniform barrier against argon gas penetration. Conversely, one of the
significant advantages of this method lies in its simplicity and cost-effectiveness, as
well as the rapid removal of the coated layer using acids. Table 2 presents the advan-
tages and disadvantages of each method for sealing glass capsules [15].
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Method

Advantages

Disadvantages

Glass ampoule

Simple method for forming cylindrical
components

Needs a conduit to create a vacuum

Exact regulation of the piece’s
environment

Shaping intricate components using this
method is challenging

Sealing through the
application of pressure

The sealing process can occur at a reduced
temperature relative to alternative
methods

The risk of microcracks and deformation
in the component is markedly elevated

It is a straightforward method for sealing
rectangular and square components

Precise control of the atmosphere of the
piece

It requires special sealing devices

Glass immersion
method

No specialized equipment is necessary

It necessitates a significant quantity of
glass powder

Minimizing the steps involved in the
sealing and encapsulation process

Capability to utilize various types of glass,
including powder, flat, and cylindrical
forms

It requires a higher temperature for
sealing

Sintered glass method

It needs only a small quantity of glass

The ability to form parts with complex
shapes

The likelihood of microcracks and
deformation in the component is notably
increased

Table 2.

Analysis of glass capsule sealing techniques [15].

During the design, simulation, and manufacturing of capsules for the hot isostatic
pressing process, several critical factors warrant careful consideration [18]:

a. Assessment of variables: It is essential to analyze various parameters influencing
the rheological behavior of capsule materials and granules, including geometric
configurations and the preparation conditions employed during compression.

b.Material research: Conducting thorough research to select the appropriate mate-
rials for the capsules, as well as determining the optimal wall thickness, is crucial
for ensuring effectiveness and durability.

c. Thermal and pressure optimization: Investigating and optimizing the thermal
and pressure profiles that affect both the capsule and the granulated materials is
necessary for successful outcomes.

d.Softening point analysis: Evaluating the softening points of the capsule materials
under pressure is important, particularly in the formation of powder granules in
geometrically complex regions.

e. Advancements in technology: The development and implementation of innova-
tive technologies in capsule design and fabrication can significantly enhance
their physical, mechanical, and weldability characteristics.
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3. Advanced HIPed ceramics

Oxide and non-oxide ceramics represent two distinct categories of advanced
ceramics with numerous industrial and technological applications. Within the oxide
ceramics, notable examples include alumina and zirconia which are stabilized with
magnesia, yttria, or ceria. In contrast, advanced non-oxide ceramics encompass
silicon-based materials, such as silicon nitride and silicon carbide. Hot isostatic
pressing (HIP) is a widely utilized technique for the fabrication of both ceramics and
metals, including components featuring intricate geometries, high-density ceram-
ics, and ceramic matrix composites (CMCs). This method’s primary advantage lies
in its ability to produce and densify advanced ceramic components characterized by
complex shapes. The sintering process employed for the fabrication of ceramics and
ceramic matrix composites can focus on either shaping and densification or solely on
densification. Noteworthy benefits of HIP include a substantial enhancement of the
mechanical properties of the resultant materials [4, 19].

3.1 Silicon nitride (SizN,)

There are various processes for shaping silicon nitride ceramics, with one of the
most prevalent and established methods being cold isostatic pressing (CIP) combined
with sintering. In one study, silicon alpha-nitride powder was utilized alongside
alumina and yttria as sintering aids, applying weight percentages of 3% and 5%,
respectively. The reaction between the SiO, formed on the surface of the silicon
nitride powder and the additives enhanced the mechanical strength of the silicon
nitride components [19].

Typically, sintering processes differ from hot isostatic pressing (HIP). Commonly
employed nonpressure sintering techniques include vacuum sintering and the use of
inert gases like argon. Additionally, gas pressure sintering of silicon nitride (GPSSN)
is an effective method for the initial production of high-density silicon nitride
parts, achieving significant density improvements. Silicon nitride is recognized
as a distinctive material suitable for high-temperature applications and the ability
to withstand substantial mechanical loads. Dense silicon nitride components are
generally sintered utilizing oxide sintering and liquid phase formation. However,
the presence of an intergranular glass phase in sintered parts can notably reduce
their mechanical strength. To address this, research into simultaneous temperature
and pressure sintering technologies, such as HP-GPS-HIP, has been undertaken.

Hot pressing, another technique in this field, has notable limitations, particularly
regarding the complexity of the parts that can be produced; it is often impractical
to fabricate complex shapes using this method. The GPS process, known as GPSSN,
employs simultaneous gas pressure and temperature during the sintering process.
This approach facilitates the sintering of complex geometries due to the isostatic
pressure from the gas. However, a significant drawback of this method is the rela-
tively low mechanical pressure used, which may prevent the final components from
achieving theoretical density [2].

When considering non-oxide ceramics, it is crucial to employ processes that
minimize the formation of oxide phases while remaining cost-effective. Recently, the
generation of oxide phases has garnered significant attention. In research conducted
by Zehui Du, silicon nitride ceramics were produced using a 3D printing process
to create cellular structures referred to as “honeycomb.” This innovative approach
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Materials Sintering Relative Relative Open Thermal Thermal
condition green density porosity diffusivity conductivity
density
% % % mm’ s W m™ K*
SizNy 1800°C 60.5 98.5 16 14.0 114
HIP 1800°C
SizN, + 1wt.% 1800°C 623 98.2 03 139 156
nSiC HIP 1800°C
SizN, + 5wt.% 1800°C 61.3 947 3.7 134 132
nSiC HIP 1800°C
SizN, + 10 wt.% 1800°C 62.1 94.6 175 13.2 1.7
nSiC HIP 1800°C
Table 3.

Impact of sintering conditions and the concentration of nanosilicon carbide particles on the thermal and
mechanical properties of silicon nitride [21].

replaces traditional shaping methods, such as extrusion. To achieve densification, the
samples underwent hot isostatic pressing at 1700°C for 2 hours [20].

In a 2023 study by Gizowska and colleagues, silicon nitride ceramics and silicon
nitride reinforced with silicon carbide nanoparticles (SizN;-nSiC) were examined,
with weight percentages ranging from 1% to 10%. The samples were produced using
two sintering methods: under ambient conditions and high isostatic pressure. The
researchers investigated the influence of sintering conditions and the concentra-
tion of nano silicon carbide particles on the thermal and mechanical properties, as
summarized in Table 3. The inclusion of highly conductive silicon carbide particles
enhanced thermal conductivity, particularly in composites containing 1% by weight of
the carbide phase (115.6 W m™" K™) compared to the thermal conductivity of silicon
nitride ceramics (111.4 W m™* K?) under identical conditions. However, an increase in
the carbide phase led to a reduction in densification efficiency during sintering, which
negatively affected both thermal and mechanical performance. Sintering performed
via hot isostatic pressing demonstrated advantages in terms of mechanical properties.

3.2 SiAION

Sialon ceramics are among the most widely utilized ceramics. Their densification
occurs through a liquid-phase sintering process, where a liquid phase is initially created
from molten SiO, and AL,O; and subsequently removed in the final stage. Given the
constraints of the Sialon sintering process, employing a high-speed sintering method
can significantly aid in densification and achieving the desired properties of this
ceramic. To this end, hot isostatic pressing and encapsulation techniques are utilized
to achieve near-theoretical density in Sialon ceramics. A Vycor glass capsule is used
in this process. During heat treatment, the temperature is initially raised to 1300°C
(the glass softening temperature), followed by an increase in pressure to 200 MPa. The
sintering occurs at a maximum temperature of 1780°C, with a dwell time of 2 hours
at this temperature. The results indicate that the combination of high temperature
and short sintering times facilitates the complete formation of Sialon and reduces the
particle size to 500 nm. Additionally, employing hot isostatic pressing as a supplemen-
tal process can further enhance the density of the sintered components [22-24].
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3.3 Alumina

Alumina is one of the most widely utilized materials in the densification of
ceramics, recognized for its exceptional properties as a ceramic oxide, particularly
when subjected to the hot isostatic pressing (HIP) process. Its superior mechanical
characteristics make it a cost-effective choice for applications such as foot joints.

The hot isostatic pressing process enhances the mechanical properties of alumina by
uniformly applying temperature and pressure, which effectively reduces the open
pores on the surface of the closed alumina ceramic and increases the bulk density of
the components [25].

Various methods exist for the performing of alumina ceramics, with the most
significant techniques including cold isostatic pressing, slurry casting, and plastic
forming methods such as injection molding and extrusion. For instance, in a research
study aimed at shaping alumina components, submicron powder was subjected to a
pre-sintering process at 1240°C for 2 hours. This was followed by hot isostatic press-
ing at a temperature of 1400°C and a pressure of 150 MPa, conducted in an argon
atmosphere [26].

Typically, preformed alumina parts are coated with boron nitride powder to mini-
mize reaction between the glass and the bulk material during the sintering process. To
encapsulate alumina parts at a sintering temperature of 1400°C, Vycor glass capsules
are employed [27].

3.4 Transparent ceramics

Transparent ceramics have numerous potential applications, including armor,
windows, and various optical elements. Key challenges in the development of
transparent ceramics include microporosity, the presence of disruptive secondary
phases, and wide grain boundaries. These factors adversely affect the refractive index
between air and the material, leading to significant light scattering and a reduction
in the transparency of the final products. Extensive research has been conducted to
achieve transparent ceramics, focusing on the synthesis of high-purity powders, the
selection of appropriate additives and sintering aids, and the enhancement of shaping
and sintering techniques. Generally, raw ceramic components do not attain densities
close to theoretical values. Consequently, employing methods that apply pressure
and temperature simultaneously is crucial for achieving high optical transparency,
specifically targeting porosity levels below 0.01%. These methods are particularly
effective for producing transparent ceramics in a timely manner [27, 28].

3.5 AION

Hot isostatic pressing (HIP) is an effective thermal treatment method for achiev-
ing partial densification of transparent ceramics. For instance, the incorporation of
LiAlsOg as a sintering aid, combined with HIP treatment at 2000°C and a pressure of
2000 bar, has enabled AION ceramics to achieve a light transmission of 65% in the visi-
ble spectrum. Similarly, the addition of Y,0;-La,0; with the HIP technique has resulted
in achieving 78% transparency in AION ceramics within the visible light range.
Furthermore, employing a two-step sintering process along with HIP and nanoscale
additives has increased transparency to 86% under visible light conditions [28, 29].

A critical factor in the performance of optical ceramics is the level of residual
stress remaining in transparent ceramic components. To mitigate the effects of
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residual stress, post-baking treatments such as hot isostatic pressing are employed.
Due to the high pressures and temperatures involved in HIP, its effectiveness in
reducing residual stresses has been extensively studied. Observations indicate that the
HIP process significantly enhances the removal of residual stresses and improves the
coefficient of visible light transmission [28].

Transparent spinel ceramics are widely utilized in military applications due to
their excellent thermo-mechanical properties at elevated temperatures, cost-effec-
tiveness, and capability to form complex shapes. As a result, they are among the most
commonly used ceramics in the optical industry. Various techniques are employed
to fabricate raw spinel components, including slurry casting, cold isostatic pressing,
and the sol-gel method. The sintering process varies based on advancements in the
field. Some studies have employed single-step sintering techniques under pressure
and temperature, such as spark plasma sintering and hot pressing. Conversely, other
approaches utilize two-step sintering, involving pre-sintering followed by sintering
under pressure and temperature, using methods like gas pressure sintering (GPS)
and hot isostatic pressing (HIP). Ultimately, selecting different processing methods is
essential to achieve optimal mechanical strength, thermal resistance, and high optical
transparency in the visible light spectrum, underscoring the importance of HIP in the
production of these ceramics. A variety of additives are used in the manufacturing
of spinel ceramics, including LiF, MgF,, CaO, B,0s, Y,0s, and SiO,. However, using
these additives in excessive quantities can lead to the formation of a liquid phase and
significant grain growth, thereby compromising mechanical strength. In conclusion,
the use of the hot isostatic pressing process at temperatures ranging from 1500°C to
1700°C, with pressures between 1500 and 2000 bar and a dwell time of 3 hours, can
effectively enhance both the optical transparency and mechanical strength of trans-
parent spinel ceramics [21, 30-35].

3.7 Transparent alumina

In a study, fine-grained aluminum oxide particles with sizes ranging from 0.8 to
2 micrometers were employed. The results indicated that at a sintering temperature of
1400°C, preformed components of various grain sizes achieved a density approaching
theoretical density. This was accomplished by maintaining a holding time of 4 hours
at the maximum temperature under isostatic pressure of 2000 bar. Transparent
polycrystalline alumina (PGA) is subjected to heat treatment at 1800°C in a hydrogen
atmosphere. These transparent alumina ceramics have applications in the military,
particularly in optical lenses and dielectric ceramics. The PGA production process
consists of multiple heat treatment stages, with the final stage of the hot isostatic
pressing (HIP) process occurring at 1700°C and a pressure of 2000 bar, maintained
for up to 3 hours for optimal clarification. Typically, additives such as MgO are
incorporated to facilitate the production of PGA [27, 36, 37].

4, Conclusion

In conclusion, the production of engineering ceramic parts using hot isostatic
pressing (HIP) technology offers significant advantages, including enhanced
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structural integrity through the reduction of porosity and defects, which leads to
superior mechanical strength and thermal stability. HIP enables the fabrication of
complex geometries and the consolidation of ceramic-based composites, allowing
for tailored properties that meet specific application needs. Additionally, the con-
sistent quality and high-performance of HIP-processed ceramics contribute to their
cost-effectiveness and reliability across various industries. Overall, HIP technology
is crucial for advancing the capabilities and applications of engineering ceramics,
making it an invaluable method for producing high-performance components.
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Abstract

Thermal protection systems (TPS) for aerospace industry require the use of
coatings made from ultra-high temperature ceramics (UHTCs), a class of materials
based on oxides, nitrides, carbides and borides of transitional metals. Yttria-doped
zirconia is the actual “gold standard” for aerospace coatings but the high tempera-
ture phase transitions limit its use in developing a new generation of TPS. Rare
earth zirconia pyrochlores Ln,Zr,0; (Ln = La, Nd, Sm, Gd, Yb) emerged as future
candidates for high temperature coatings due to their high thermal stability on a
large temperature range. Here, we review the crystalline structures’ electronic and
thermal properties of these materials, the main methods proposed for their synthe-
sis, their advantages and disadvantages. The use of mixed rare earths as dopant for
zirconia ceramics is presented further. Finally, the potential applications as thermal
barrier coatings (TBCs) are presented.

Keywords: ultra-high temperature ceramics, pyrochlores, rare earth zirconates,
crystalline structures, synthesis, TBCs

1. Introduction

Thermal protective systems (TPS) represent the most effective system to protect
structural components of spacecraft vehicles from damage caused by high tempera-
ture and corrosive/erosive environments. Ultra-high temperature ceramics (UHTCs)
are ceramic-based composites consisting of a matrix of transition metal compounds
that can be used around 2000°C and above in an oxidizing or corrosive environment.
They are promising candidates for high temperature applications as thermal bar-
rier coatings (TBCs) in hypersonic flight, rocket propulsion, atmospheric re-entry,
refractory crucibles, plasma-arc electrodes, etc. [1]. An ideal material for TBC should
combine high melting temperature, low density, low thermal conductivity and expan-
sion coefficient close to the metal substrate. A comparison between these properties
for oxide and non-oxide UHTCs shows that non-oxide ceramics possess the highest
melting temperatures but, in most cases, higher densities and thermal conductivities,
as can be seen in Figure 1.
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Figure 1.
Properties of oxides, carbides, nitrides and borides required for TBC (Tm—melting temperature; d—density,
a—thermal expansion coefficient and k—thermal conductivity) [2].

Non-oxide ceramic coatings also have a lower chemical stability at high tempera-
tures in air and oxidizing atmosphere due to their higher oxygen affinity. Another
problem to be solved is the adherence of the coating to the substrate, which needs
to find the proper metallic bonding having the capacity to form a thermally grown
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Property Units ALO; NiCoCrAlY 8YSZ
Melting temperature K ~2323 ~1863 ~2873
Thermal conductivity Wm'K!? 5.8 (1400 K) 320 (293 K) ~2.5 (298 K)

Thermal expansion coefficient X100 K™ 9.6 (1273 K) 10.7(293-1273 K) 10.7 (293-1273 K)

Table 1.
Thermal properties of Al,03 and NiCoCrAlY alloys and 8YSZ.

protective AL O; oxide layer (TGO) on the metallic substrate and improve the adhe-
sion force by diffusion of metallic component. While for the bonding of oxide layers,
alloys based on NiCoCrAlY perform very well, and for carbides, borides and nitrides,
the diffusion is low and different bonding methods must be developed.

The “gold standard” material for ceramic coatings is 8 wt.% yttria-stabilized
zirconia (8YSZ). However, it has some main drawbacks for use in higher temperature
range: its stability at temperature higher than 1200°C decreases due to phase trans-
formation with volume increase and increasing thermal conductivity for long time
exposure (generally greater than 100 h) at high temperatures and susceptibility to
CMAS (calcium magnesium aluminum silicates) infiltration leading to delamina-
tion [3]. Table 1 presents the thermal properties of aluminum oxide (Al,03) and
NiCoCrAlY alloys used as bonding coat and 8YSZ, respectively.

There is a continuous search for alternative candidates, motivated by the industry’s
demand for more and more performing engines and space components. Numerous can-
didates have been studied and tested [4]. Here, we discuss the structure, thermal prop-
erties and methods for the synthesis of rare earth zirconates with pyrochlore structure
as potential materials to improve zirconia coatings in high temperature applications.

2. Crystalline structure and properties of pyrochlore rare earth zirconates

Rare earth zirconate compounds have gained increasing popularity due to their
unique features, which make them ideal for different applications, such as radioac-
tive waste immobilization, thermal barrier coatings and photocatalysis [5]. Ceramic
materials with general formula Ln,Zr,0; (Ln = La, Nd, Sm, Gd, Yb) with an ionic
radius ratio ranging from 1.61 to 1.46 crystallize in cubic pyrochlore structure [6]
and have a relatively low oxygen diffusion, thermal conductivity in the range 1.1-1.7
Wm™ K, higher thermal stability and chemical inertness, making them to be con-
sidered among the most promising candidates for TBCs [4]. Pyrochlore zirconates of
Promethium (Pm), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er),
Thulium (Tm), Ytterbium (Yb) and Lutetium (Lu) were until now not reported to
exist or to be observed experimentally.

Figure 2 shows the typical crystalline structure of Ln,Zr,0; pyrochlores crystal-
lized in the cubic Fd-3 m space group. Ln** is bonded to eight O*~ atoms to form
distorted LnOg hexagonal bipyramids that share edges with six equivalent LnOg
hexagonal bipyramids and edges with six equivalent ZrOg octahedra. There are two
shorter (2.34 A) and six longer (2.64 A) Ln-O bond lengths. Zr** is bonded to six
equivalent O*” atoms to form ZrOg octahedra that share corners with six equivalent
ZrOg octahedra and edges with six equivalent LnOg hexagonal bipyramids. The cor-
ner-sharing octahedral tilt angles are 50°. All Zr-O bond lengths are 2.11 A. There are
two inequivalent O™ sites. In the first 0% site, O*" is bonded to four equivalent Ln**
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Figure 2.

Ln,Zr,0, crystalline structure [7].

atoms to form corner-sharing OLa, tetrahedra. In the second O site, O*" is bonded in

a 4-coordinate geometry to two equivalent Ln** and two equivalent Zr** atoms.
Tables 2 and 3 summarize data related to crystalline structure and electronic

properties of pyrochlore based on rare earth zirconates.

Ceramic System/space Lattice Bond length Density Ref.
material group parameters [gem™®]
La,Zr,0; Cubic, Fd-3m a=10.814 2shortLa-O =234 A 6.02 [8-15]
o=90° 6longLa-0 = 2.64 A
7Zr-0=2114A
Cubic, Fd-3m a=10.75A La-0=238A 6.12 [16,17]
o =90° 6 short Zr-O =228 A
2long Zr-0 =233 A
CerZ1,0, Cubic, Fd-3m a=10.68 A 2short Ce-O =231A 627 [9,18-22]
o=90° 6long Ce-O =247 A
6 short Zr-O = 217 A
2long Zr-0 =231 A
Pr,Zr,0; Cubic, Fd-3m 2=1075A 2short Pr-O =233 A 6.16 [12,23-29]
a=90° 6long Pr-O = 2.61 A
Zr-0=21A
Nd,Zr,0, Cubic, Fd-3m a=1074A 2short Nd-O =232 A 631 [9, 10, 23,
o=90° 6longNd-0 =259 A 30-36]
Zr-0=21A
Cubic, Fd-3m a=1069 A Nd-0=2354 635 1371
o =90° 6 short Zr-O = 2.28 A
2long Zr-0 =231 A
Sm,Zr,0, Cubic, Fd-3m a=1062 A 2shortSm-0 =23 A 6.59 [9, 12, 38-40]
o =90° 6long Sm-0 =2.56 A
Zr-0=2.09 A
Eu,Z1,0; Cubic, Fd-3m a=10624 2shortEu-0 =234 6.63 [41-46]
a=90° 6 long Eu-0 =2.56 A
Zr-0=2.09A
Gd,Z1,0, Cubic, Fd-3m a=10.54 A Gd-0=229A 6.9 [37, 47-54]
o =90° Zr-0=228A
Table 2.

Crystalline structure of pyrochlove based on rare earth zirconates.
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Ceramic Melting Predicted formation Band Magnetization Ref.
material temperature [°C] energy [eV/atom] gap
La,Zr,0y 2300 —3.851 373 Non-magnetic [8-14]
— —3.468 Non-magnetic [16, 17]
Ce)Zr,0; >2000 -3.815 2.53 Ferro-magnetic [9]
2 uB/fu.
Pr,Zr,0, — -3.78 346 Non-magnetic [12, 23,
24]
Nd,Zr,0, > 2000 -3.797 3.33 Non-magnetic [9, 10, 23,
31, 32]
— -343 Non-magnetic [37]
Sm,Zr,0y 2000 -3.527 Non-magnetic [9, 12, 23,
38]
Eu,Zr,0, — -3.527 Ferro-magnetic [41, 42]
12 pB/fu.
GdyZr,0, 2570 -3.513 Ferro-magnetic [37, 47,
14 uB/fu. 48]
Table 3.

Electronic properties of pyrochlore based on rare earth zirconates.

The similarity of the cubic structure in terms of lattice parameters and bond
lengths is clearly observed. Density is increasing with the atomic number of rare earth
element. Melting temperature for all known rare earth zirconates with pyrochlore
structure is higher than 2000°C, with a higher value of 2570°C for Gd,Zr,0;. However,
research is still needed to have more precise values for the melting point of these
compounds.

Pyrochlore materials based on Ln,Zr,0; (Ln = La, Nd, Pr, Sm, Gd, Yb) have
relatively low oxygen diffusion, thermal conductivity in the range 1.1-1.7 W™ K™,
higher thermal stability and chemical inertness than YSZ, being considered among
the most promising candidates for next generation of thermal barrier coating. The
absence of phase transitions of these perovskites from room temperature to melting
temperature and low thermal conductivities lead to a wider operating temperature
range compared to gold standard YSZ.

Thermal conductivity is greatly dependent on temperature, system size, impu-
rities and dislocations. Generally, as the atomic number of a rare earth element
increases (from La to Lu), its thermal conductivity decreases. This is frequently
linked to enhanced phonon scattering as a result of the higher atomic mass and
stronger electron-phonon interaction. Also, thermal conductivity normally decreases
with increasing temperature, mainly at higher temperatures, and this is the result of
enhanced phonon-phonon scattering.

Yang et al. evaluated thermal conductivity of La,Zr,0; at temperatures ranging
from room temperature to 1200°C. At room temperature, thermal conductivity is 3.2
Wm™ K, drops to 2.1 Wm™ K™ at 400°C and then begins to increase to 2.7 Wm ™ K™
at 1200°C [55]. J. M. Zeerati and coworkers claim that they have achieved perfect
agreement with experimental results by utilizing the effective harmonic method
and homogeneous nonequilibrium molecular dynamics simulations with machine-
learning potentials to calculate the thermal conductivity of candidate materials, such
as LayZr,0;, ZrSiO4 and BaZrO;, at temperatures up to 1500 K. This work conducted
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a comparison between the thermal conductivity calculated using the homogeneous
nonequilibrium molecular dynamics approach and the experimental data for
La,Zr,0,. The experimental value was 1.51 Wm! K™ and the simulated value was 1.47
Wm™ K™ both the values are very close [4].

Other calculated values for pyrochlore compounds based on rare earth elements
are presented by Feng et al. Their findings suggest that Cahill’s approach is more
effective for Ln,Zr,0; molecules. However, for Nd,Zr,0;, both approaches provide
significantly lower values than the measured ones [56].

3. Synthesis of pyrochlore rare earth zirconates

The synthesis of the pyrochlore materials can be done by different methods, such
as solid-state reaction and solution methods, such as co-precipitation, combustion
method, hydrothermal synthesis and sol-gel method.

3.1 Solid-state reaction method

According to the solid-state reaction method, the rare earth oxide and zirconia
powders mixed at the required stoichiometry are dried in an oven to remove moisture
and other impurities at around 110-120°C, until a constant weight is reached. The
resultant dried mixture is further ball-milled to form a uniform mixture suspension
in distilled water and/or absolute ethanol. The resultant colloidal suspension is dried
and then thermally treated (calcined) at above 1500°C in a furnace, until the required
pyrochlore structure is obtained. To increase the structural uniformity, the ball mill-
ing and thermal treatment processes needed to be repeated many times. The general
flowsheet of the solid-state synthesis process is presented in Figure 3. Better results
are obtained when the final drying step is performed by air spray drying, resulting in
powders with better flowability. Zirconia lining and balls are used to avoid impurifi-
cation with other oxides. The calcination temperatures are in the range 1400-1500°C
and milling time 12-72 h [57-59].

3.2 Co-precipitation method

In the co-precipitation method, soluble precursors of lanthanum (Ln) and zirco-
nium (Zr) are used as feedstock material, mainly nitrates with high solubility in water.

Ln,0s 22r0;

Ethylen
Ln;Zr207

Figure 3.
Schematic flowsheet of the solid-state method.
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Rare earth oxides (REOs) are generally easily soluble in nitric acid (HNOs) solutions
and may be used as raw materials. In the next step, the pH is increased to 9-11 by addi-
tion of ammonia (NH3) solution or sodium hydroxide (NaOH). The resulting pre-
cipitate formed is separated by filtering and washing to remove the alkaline nitrates
formed. The use of ammonia is advantageous because ammonium nitrates are more
soluble during washing with distilled water. The washed precipitate is further dried
and calcined in the temperature range 1000-1300°C for 1 to 5 hours [60-62] to obtain
the perovskite powders (Figure 4). The process may be described by the reaction

2Ln(NO,), +2Zr(NO,), +14NH,0H = Ln, Zr,0, +14NH,NO, +7H,0 (1)

The use of a fuel source and oxygen source introduced in the co-precipitated
flake may produce auto-ignition and eliminate the thermal treatment stage. The fuel
chemical agents used are glycine, hydrazine, citric acid or glycerol. However, a post-
heating treatment of the fluffy powder is required to remove the impurities formed
during combustion. The combustion method improves process efficiency due to low
energy consumption and produces pyrochlore powders with uniform morphology
and highly porous structure [63].

3.3 Sol-gel method

The sol-gel processes are based on the controlled hydrolysis of organo-metallic
compound precursors, with the formation in the first stage of colloidal suspensions
(sols) from which the gel is subsequently formed in the presence of chelating agents.

Unlike the hydrolytic processes of precipitation, where the formation of the
new phase takes place through a process of inhomogeneous nucleation, in the case
of hydrolysis of organo-metallic compounds the nucleation rate can be more easily
controlled and the solid phase is formed through a homogeneous nucleation mecha-
nism. Among the organo-metallic compounds used for the synthesis of ultradisperse
and nanocrystalline ceramic powders, metal alkoxides are most often mentioned in
the literature. Sol destabilization (formation of a colloidal solid containing the fluid
component dispersed in a three-dimensional (3D) lattice) can be achieved by dilution
with water or hydrolysis catalyzed by acids or bases. Figure 5 presents the schematic
flowsheet of the sol-gel process used for rare earth zirconates.

Ln(NQ3); ’Zr_‘“

v
HO L Mixing
Filtering

Washing

v
Calcination | »Ln2Zra0;

II
(]
o
- -

Figure 4.
Schematic flowsheet of the co-precipitation method.
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Schematic flowsheet of the sol-gel method.

La,Zr,0; pyrochlore was prepared using ZrOCL,*8H,0 and La(NO;)3*6H,0, which
were dissolved in a mixed water (H,0)/ethanol solution. Citric acid was further added
to achieve Zr*":La*"citric acid ratio = 1:1:0.2. Formamide and polyethylene glycol
were added to the above mixture, which was then stirred at room temperature for 2 h
to form a uniform transparent sol solution. The resultant solution was placed into a
crucible and aged for 20 h at 80°C, which resulted in gel formation. The resultant gel
was dried at 110°C for 5 h and calcinated at 1200°C for 2 h in controlled atmosphere to
form homogeneous La,Zr,0; coatings [64].

3.4 Hydrothermal method

Hydrothermal methods refer to any heterogeneous reaction in the presence of
aqueous solvents or mineralizers under high pressure and temperature conditions. In
a hydrothermal process, the dissolution and crystallization processes are enhanced to
form new solid phases with controlled stoichiometry. The process involves obtaining
a mixed solution with desired composition, adjustment of the pH using mineralizer
agents, such as ammonia solution or sodium hydroxide, and transfer of the solution
into an autoclave to produce the hydrothermal crystallization of the compound that
is separated by filtering and dried to obtain the desired powder. The hydrothermal
synthesis of Ln,Zr,0; is described by

27Zr* +2La® +140H = Ln,Zr,0, +7H,0 ()

Figure 6 presents the schematic flowsheet of the hydrothermal process.

The main advantage of the hydrothermal method is the lower temperature of
product crystallization, together with faster kinetics and low environmental impact
because the process takes place in closed vessels. As an example, Sm,Zr,0; pyro-
chlore was obtained from SmO, and ZrOCl,-8H,0 precursors dissolved in nitric acid
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Figure 6.
Schematic flowsheet of the hydrothermal process.

(HNOs3), addition of aqueous ammonia solution to obtain a pH of 5-9, washing and
addition of potassium hydroxide (KOH) solution as mineralizer under vigorous stir-
ring and hydrothermal treatment into a Teflon-lined autoclave at 200°C. The powder
obtained was filtered, washed and dried in vacuum at 70°C for 18 h [40]. Similarly,
La,Zr,0; was obtained using La and Zr nitrates and NaOH as mineralizer to reach
pH = 11, followed by hydrothermal reaction at 200°C for 1 h [65].

Table 4 presents the main advantages and disadvantages of the solid-state reac-
tions, co-precipitation, sol-gel and hydrothermal methods used to obtain rare earth
zirconium perovskites and zirconia co-doped with mixed rare earth oxides.

Main Synthesis method
1
parameters Solid-state Co-precipitation Sol-gel Hydrothermal
Process Temperature pH pH Temperature Temperature
reaction Time Time Surfactants Pressure
pH
Precursors Oxides Soluble salts/RE Metallic Soluble salts
oxides alkoxides
Nucleation Non- Non-homogeneous Homogeneous Homogeneous
homogeneous
Duration High Moderate Moderate Low
Particle size/ Non-uniform/ Uniform size/ Non-uniform/ Uniform sizes and
shape irregular irregular shapes irregular shapes
Heat treatment Required Required Required No
Kinetic No pH control pHand Microwaves
enhancement surfactants
Table 4.

Advantages and disadvantages of perovskite synthesis.
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4. Synthesis of zirconia ceramics doped with mixed rare earth oxides

Modern TBCs have a multilayer structure, with the first layer made by NiCoCrAlY
bonding layer forming the alumina TGO, and successive ceramic coatings with the top
coating from the ceramic material with the higher melting temperature and thermal
stability. Despite the advantages of rare earth zirconates as UHTCs provided by
higher melting points and lower thermal conductivity compared to YSZ, their use as
intermediate layers is limited due to the chemical, structural and thermal expansion
coefficient mismatches. A potential solution to improve the thermal properties of
TBC is to use as intermediate layer ZrO, doped with mixed rare earth oxides (REOs).

In such complex systems, the study of the phase equilibrium diagrams was con-
ducted and the crystalline phases formed with temperature analyzed.

In Piticescu et al. [66], the authors performed a first study on the crystalline phase
modifications of hydrothermally synthesized YSZ doped with 4, 6 and 8 wt.% La,
Nd, Sm and Gd oxides, respectively, during thermal treatment in the temperature
range 400-1400°C and their thermal conductivities.

The phase evolution of powders during thermal treatment in the range 400-
1400°C evidenced the progressive formation of different solid solutions by isomor-
phic substitution of Zr** with Ln*". A cubic ZrO, solid solution is the major phase
and secondary phases with generic formula (Lng ¢7Y014Zr0.79) O1.90; (L1 11Y014Z10.75)
O18s; and (Lng14Y0 14210 72) O1.86 were formed depending on the dopant concentra-
tion. At temperatures 1200°C and 1400°C, the formation of cubic solid solutions
with pyrochlore structures (RE;Zr,0; where RE = Y and Ln) is observed for all
compositions, except for samples co-doped with 4, 6 and 8 wt.% Nd, 6 and 8 wt.%
Sm and 8 wt.% Gd, when only the cubic solution (ZrO,)ss-(Lng 14Y0.14Z1072) O1.86
phase was observed.

Low values of the thermal conductivities were measured by the hot plate
method at room temperature (Table 5). These values are an order of magnitude
lower than the values predicted and measured for rare earth zirconates in Table 6
and closer to thermal conductivity values given in Ref. [67], respectively, 0.7
Wm™! K™ for co-precipitated Pr,Zr,0; 0.4 Wm™' K for Sm,Zr,0; and 0.38
Wm ™ K for (Pr, Sm),Zr,0; suggesting that both the synthesis method and the
complex defect structures induced by co-doping have a beneficial influence on
reducing thermal conductivities of perovskites.

Sample Thermal conductivity Thermal diffusivity Specific heat
[Wm™ K] [Mm2s] [MJ*m~ K1

Zr0,-8Y,0s- 0.3049 + 0.0079 0.2603 + 0.0075 0.4048 + 0.0036

6La,0;

Zr0,-8Y,0s- 0.3276 + 0.0004 0.2899 + 0.0018 0.3502 + 0.0023

6Nd,0;3

Zr0,-8Y,0;- 0.3923 + 0.0019 0.2766 + 0.0053 0.3987 + 0.0060

6Sm,0;

Zr0,-8Y,0;- 0.3799 + 0.0012 0.2799 + 0.0084 0.3809 + 0.0106

6Gd203

Table 5.

Thermal conductivities, thermal diffusivities and specific heat of zirconia co-doped with rare earth oxides by
hydrothermal method.
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Material Units Debye model Cahill model Experimental
La,Z1,0, (LZO) Wm?K? 1.2 13 15
Nd,Zr,0, (NZO) WmK! 1.2 1.1 16
Sm,Zr,0; (SZO) Wm?K? 13 15 15
Gd,Zr,0, (GZO) Wm?K? 12 12 16
Pr,Z1,0, (PZO) Wm?K? 1.2 14 15
Zr02 cubic Wm?K? 23 24 2.5
Table 6.

Predicted and experimental values for thermal conductivities of vare earth zivconates.

In a next step to study more complex systems, nanostructured materials (1-x)
Zr0,_(Ln,03) and ZrO, - x(La,Sm,Gd,Yb,Nd)O; (x = 0.2) encoded as ZrO,-LSGYN
were synthesized in a one-step process by hydrothermal method (Figure 7) start-
ing from water-soluble salts of Zr and oxides: ZrCl, (Merck, New Jersey, USA, p.a.
98%), Sm,0; (Alfa Aesar, Massachusetts, USA, p.a. >99.9%), Nd,O; (Alfa Aesar,
Massachusetts, USA, p.a. >99.9%), Yb,0; (Alfa Aesar, Massachusetts, USA, p.a.
>99.9%), Gd,0; (Thermo Scientific, Massachusetts, USA, p.a. >99.9%) and La,0;
(Thermo Scientific, Massachusetts, USA, p.a. >99.9%). Ammonia solution (25 wt.%
NH;) was used as a mineralizer to control the solution pH. The amounts of Sm,03,
La,0;5, Nd,05, Gd;05, Sm,0; and ZrCl, were established in agreement with the theo-
retical molar formula ZrO,- xLn,0; (x = 0.2, Ln = La, Sm, Gd, Yb, Nd). The final pH
was in the range of 9.5-11. The suspension thus obtained was subjected to hydrother-
mal processing (pressure 100 atm, temperature 200°C and time 2 h). The suspension
was introduced into a Teflon-lined vessel of a sealed hydrothermal autoclave reactor
(5L, Berghof Products + Instruments GmbH, Berghof, Germany) endowed with a

Distilled water
]

-

; pH control
NH; (25%) pH=9.5

Oxides of
La, Sm, Gd, Nd, Yb

Hydrothermal
treatment
T=200 °C,

p=60-100 atm, t=2h

"W
Filtering/drying
"
Nanostructured
powder
Figure 7.

Schematic flowsheet for hydrothermal synthesis of ZrO,-xLn,0; (x = 0.2, Ln = La, Sm, Gd, Yb, Nd).
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cooling coil inserted into the autoclave vessel to avoid grain growth. To control the
reaction pressure, argon gas was purged inside the autoclave. Powders were sintered
in air at 1200°C to obtain homogeneous crystalline structures.

Powders were characterized from the chemical point of view by the Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-OES) technique, using ICP-
OES 725 (AGILENT, Santa Clara, California, USA) equipment, according to ASTME
E1479-16 standards (Table 7).

Micromeritics® TriStar II Plus (Norcross-Atlanta, USA) using the program
for data collecting and calculation was used to analyze the surface proper-ties of
powders.

Powders were characterized from the chemical point of view by the Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-OES) technique, using ICP-OES
725 (AGILENT, Santa Clara, California, SUA) equipment, according to ASTME E
1479-16 standards.

Micromeritics® TriStar II Plus (Norcross-Atlanta, USA) using the program for
data collecting and calculation TriStar II Plus was used to analyze the surface proper-
ties of powders.

The chemical compositions of the powders obtained are presented in Table 5 and
confirm that the composition is conform with the initially designed one.

Figures 8-11 present the specific surface areas, pore volumes and average pore sizes.
The analysis of the surface properties of as-synthesized powders is compared with the
analysis of the surface properties of powders thermally treated at 1200°C and aims to
optimize the sintering process for further obtaining pellets used for characterization

Compound Chemical analysis, wt.%

Zr La Sm Gd Yb Nd
(1-x)ZrO,-xSm,03 x = 0.2 441 — 35 — — —
(1-x)ZrO,-La,03x = 0.2 40.36 34 — — — —
(1-x)Zr0,-Gd,03x = 0.2 38.63 — — 377 — —
(1-x)ZrO,-Yb,O3x = 0.2 414 — — — 379 —
(1-x)Zr0,-Nd,03 x = 0.2 431 — — — — 335
Zr0,-LSGYN 41.8 744 6.60 7.85 8.74 6.32

Table7.

Chemical compositions of ZrO,-xLn,0; (x = 0.2) powders.

BET specific surface area (m?/g) Pore volume (cm?/g) Pore size (nm)

= 0.298117 7.9928

; 75 | 6.8862
0 o078

6.8923 0.1
4 o

ZrQ-LSGYN 202 _LSGYN_1200 ZrO-LSGYN Zr02_LSGYN_1200 ZrO-L5GYN Zr02_LSGYN_1200

Figure 8.
Brunauer-Emmett-Teller (BET) surface arvea analysis vesults for ZrO2-LSGYN and ZrO2-LSGYN heat-treated
at 1200°C: specific surface area (left), pore volume (center) and pore size (right).
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Figure 9.
BET specific surface area analyzed for the five specimens. Left: As obtained 0.8Zr02-0.2(Ln203); right: 0.8ZrOz2-
0.2(Ln203) heat-treated at 1200°C, where Ln = La, Nd, Yb, Sm.
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Pore volumes analyzed for the five specimens. Left: As obtained 0.8ZrO2-0.2(Ln203); right: 0.8ZrO2%0.2(Ln203)
heat-treated at 1200°C, where Ln = La, Nd, Yb, Sm.
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Figure 11.
Average pore size analyzed for the five specimens. Left: As obtained 0.8Zr02-0.2(Ln203); right: 0.8ZrO2-
0.2(Ln203) heat-treated at 1200°C, where Ln = La, Nd, Yb, Sm.

of thermal properties. The combination of grain growth, doping effects and porosity
reduction at high temperatures results in a decrease in the surface area of ZrO, doped
with rare earth elements. This phenomenon is crucial in understanding the behavior of
these materials in various applications, such as thermal barrier coatings.

In terms of pore size, ZrO, samples doped with Sm and Yb oxides treated at
1200°C show that the pore size rises with temperature rather than decreasing,
as seen in the other samples. The pore radius in the Zr0,-Nd,0; and ZrO,-Sm,0;
powders increases when subjected to heat treatment at 1200°C compared to those
that were not heat-treated. This can be attributed to various phenomena, including
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i) the rearrangement of particles during calcination; it is possible that the particles
agglomerate differently from their original structure, leading to the formation of
larger pores, (ii) crystallite growth, (iii) partial sintering of the particles, (iv) phase
transformations that can change the density and structure of the original material,
and (v) microstructure development—calcination influences the microstructure of
the material, creating a more open porous structure compared to that of uncalcined
materials, which is a more compact structure [68].

5. Obtaining thermal barrier coatings based on rare earth zirconates

The increasing demand for new functional coatings has been a strong incentive for
research toward not only understanding the fundamentals and technical aspects of
film nucleation and growth, but also developing new deposition techniques that allow
for better control of the deposition process. Electron Beam Physical Vapor Deposition
(EB-PVD), Powder Flame Spraying, Plasma Thermal Spray and Cold Gas Dynamic
Spray Coating are techniques suited for creating different types of TBCs. The EB-PVD
process takes place in a high vacuum chamber, ensuring a relatively high deposition
rate up to 150 nm/minute. The adhesion of the coating may be improved by controlled
heating of the substrate during deposition. Combining these process’s merits, denser
coatings could be achieved. The EB-PVD process may be successfully used for selec-
tive deposition of multi-layered films based on refractory metal, oxides, carbides,
nitrides, etc., for the parts to be used in extreme conditions. A specific aspect of
EB-PVD coatings is related to their columnar microstructure determining the behav-
ior of the coating during its service life [69]. The control of substrate temperature on
coatings adhesion remains a major issue for optimizing final properties.

Five different TBC systems, YSZ, La,Zr,0;, Gd,Zr,0;, YSZ/, La,Zr,0; and YSZ/
Gd,Zr,05, were produced and exposed to furnace thermal cyclic oxidation tests. The
deposition of protective ceramic top coats was performed with EB-PVD, single-layer
coatings having a thickness of approximately 200 pm, while the thickness of each two-
layer coating was approximately 100 pm. It was found that TBC double layers have a
higher lifetime compared to TBC’s with single layer. As a result of the performed cycling
tests, the best performance was exhibited by the YSZ/Gd,Zr,0; coating system [70].

To prove the effect of the La,Zr,0; layer deposited on the YSZ layer on the thermal
conductivity and oxygen penetration, two systems were exposed to isothermal and
thermal cyclic oxidation tests. The two systems, YSZ and YSZ / La,Zr,0; top coats,
were deposited using EB-PVD technique. The stress distribution showed that the YSZ
/ LZ (lanthanum zirconate) system has a longer life span than the YSZ TBC. Although
the oxidation and thermal cyclic tests showed that double-layer YSZ/LZ TBC exhib-
ited better performance than single-layer YSZ TBC, there is no drastic difference
between the thermal performances of TBCs [71].

Another study suggested the use of La,Zr,0; in the design of TBC for its low thermal
conductivity. Although YSZ has been used as a top coat for TBC due to its thermal
diffusivity, the major disadvantage of its use is due to its limited long-term operating
temperature. Thus, two systems of ceramic coatings were obtained Al,O; /La,Zr,0;/
YSZ, functionally graded (a 5-layer system— ALO;/75%AL0; + 25%La,Zr,0; /25%Al,
O3 + 25%YSZ + 50%La,Zr,0,/50%YSZ + 50%La,Zr,0; /75%YSZ + 25%LayZr,0;, and a
6-1ayer system—Al203/75%A1203 + 25%LaZZr207/25%A1203 +25%YSZ + SO%La2Zr207/5
0%YSZ + 50%La,Zr,07/75%YSZ + 25%La,Zr,0,/100%YSZ) using atmospheric plasma
spray (APS) equipment.
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The researchers used alumina directly as a starting layer, near the metal substrate,
because it acts as an oxygen diffusion barrier that protects the metal substrate from
oxidation. La,Zr,0; powder was prepared using the sol-gel technique. It was found
that samples coated with YSZ over 75% YSZ + 25% La,Zr,0, possess higher resistance
to the attack of a Na,SO,4 + V,05 molten mixture up to 50 h of treatment over those
coated with 75%YSZ + 25% La,Zr,0; top coats [72].

Compared to a conventional ceramic double ceramic layers coating (DCLC) of two
ceramics linked with different thermal expansion coefficients, a functionally graded
coating (FGC) is expected to be an interesting and effective approach to improve
TBC performance. To this end, C. Wang and colleagues proposed for comparison two
such systems obtained by suspension plasma spraying (SPS): a FGC, with gradual
compositional variation along the thickness direction from pure 8YSZ (8 wt% Y203-
stabilized ZrO2) to pure LZ on the outer surface and a LZ/8ZZ DCLC. Nanosized
LZ power (30-50 nm) was prepared by hydrothermal method. The thermal cycling
lifetime of optimized La,Zr,0,/8YSZ functionally graded coatings is obviously
longer than those of DCLC and LZ SCLC at 1000°C and 1200°C. The thermal cycling
times of FGC (67 cycles) is increased by 55% than that of DCLC at 1000°C, and that
(12 cycles) is increased by 50% than that of DCLC at 1200°C. The graded coatings
reduce the thermal mismatch between two ceramics and integrate them into compos-
ite coatings, which help improve the high temperature reliability of TBCs [73].

A comparison was made between YSZ as a conventional ceramic top coating
material, Gd,Zr,0; and YSZ/Gd,Zr,0,7 as new generation coating materials with
rare earth zirconate content, deposited as ceramic top coatings with EB-PVD method
onto the CoNiCrAlY bond coat. These samples were subjected to hot corrosion tests
by spreading mixtures of 55% V205 and 45% Na2SO4 salt at 5 h intervals at 1000°
C. It turned out that double coatings of YSZ/ Gd,Zr,0; proved to be more resistant to
hot corrosion than other single coatings. After the hot corrosion tests, the monoclinic
zirconia and YVO4 long rod-shaped crystal structures are formed in YSZ coating,
whereas the monoclinic zirconia and GdVO4 crystal structure are formed in coat-
ings with Gd,Zr,0; and YSZ/Gd,Zr,0; as a hot corrosion product. Gd,Zr,O.coatings,
a good alternative coating material for TBC, have a relatively low fracture strength
compared to YSZ, causing extension stresses and early cracking in the deterioration
of hot corrosion that occurs at high temperatures. On the other hand, the low thermal
conductivity and the high thermal expansion coefficient of the Gd,Zr,0; coating
materials require greater stability at high temperatures [74].

Another YSZ / Gd,Zr,0; system was developed but this time by the APS technique.
Plasma grade flowable 8 wt% YSZ and gadolinium zirconate (GZO) powders were
prepared by a single-step co-precipitation technique. Field emission scanning elec-
tron microscopy (FESEM) cross-sectional analysis of the YSZ / GZO bilayer coating
after corrosion test affirms the effectiveness of the bilayer design in preventing the
penetration of corrosive salts to the YSZ layer. Also, YSZ/GZO bilayer TBC exhibited a
higher thermal cyclic life (300 cycles) than the single-layer 8YSZ (175 cycles) coatings
at 1100° C [75]. Table 8 summarizes the results obtained regarding thermal behavior
of different coatings using rare earth zirconates.

In another application, the bonding alloy powders NiCrAlY, ceramic 8YSZ,
LayZr,0; and Gd,Zr,0; are fed into the four dense graphite crucibles inserted in
water-cooled copper slots of a carousel system that rotates around the electron beam
generating source (Figure 12a), with a maximum filling degree of 80% of the cru-
cible’s volume. The slab or bar substrates on which the thermal barrier is deposited
are cleaned of traces of organic substances with alcohol in an ultrasonic bath, then
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Nr. Material for TBC Method Properties
1 YSZ top coat EB-PVD 106 + 10 cycles
Gd2Zr207 top coat 81 + 7 cycles
La2Zr207 top coat coat 23 + 4 cycles
YSZ/Gd2Zx207 top coat 139 + 13 cycles
YSZ/La2Zx207 top coat 131 + 12 cycles
2 YSzZ EB-PVD
YSZ / La2Zr207
3 5 layers - Al,05/75%AL0;5 + 25%La,Zr,0,/25% APS The samples that have on the last
ALO; + 25%YSZ + 50%La,Zr,0;/ layer YSZ have a higher resistance to
50%YSZ + 50%La,Zr,0,/75%YSZ the attack of a Na2SO4 + V,0s.
+25%La,Zr,0;
6 layers - A1203 / 75%A1203 + 25%La22r207 /
25%A1L,0;5 + 25%YSZ + 50%La,Zr,0; /
50%YSZ + 50%La,Zr,0,
175%YSZ + 25%La,Zr,0;/ 100% YSZ
4 La,Zr,0,/ 8YSZ FGC / 8YSZ FGC SPS The thermal cycling lifetime of FGC
is obviously longer than that of
DCLC;
OFCG helps improve the high
temperature reliability of TBCs.
5 YSZ / GdyZr,O EB-PVD It is more resistant to hot corrosion
than other single coatings;
relatively low fracture toughness
compared to YSZ
6 YSZ/GZO APS preventing the penetration of
corrosive salts to the YSZ layer;
higher thermal cyclic
life (300 cycles) than the single-layer
8YSZ (175 cycles) coatings at 1100°C
Table 8.

Thermal behavior of different coatings using rare earth zirconates.

mounted in the rotating clamping place located above the crucibles with the material
to be deposited (Figure 12b), which can be preheated by means of a mobile device
with infrared (IR) lamps (Figure 12c). Close the front sealing door of the installation
and start the vacuum pumps. After the vacuum reaches a value of approx. 10~° torr,
the electron cannon is turned on and the deposition of the bonding layer begins

by melting and evaporating the NiCrAlY powder from the first crucible, with the
help of the electron flux focused on the surface of the powder in the crucible. After
consuming, the crucible carousel is rotated and the first ceramic layer is deposited by
melting and evaporating the 8YSZ powder in electron flow. The crucible carousel is
rotated again and the second ceramic layer is deposited by melting and evaporating
the La,Zr,0; powder in electron beam. The crucible carousel is then rotated and the
top ceramic layer is deposited by melting and evaporating the Gd,Zr,0; top coating
layer. After the deposition operation is completed, the vacuum pumps are stopped,
the installation is ventilated until the pressure inside reaches atmospheric pressure
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Figure 12.
Combinatorial EB-PVD coating system: (a) electron beam source; (b) device for fixing the substrates to be
covered; and (c) mobile IR system for heating the substrates.

o BNy
o [ |

NICrAIY (B.C.)

| NIMONIC 80A

Figure 13.
SEM micrograph of the EB-PVD coatings with rave earth perovskite layers.

and the coated substrates in the clamping device are disassembled. Scanning electron
microscopy (SEM) analysis is mentioned in the section in Figure 13, highlighting the
four layers of the material deposited. The thermal shock resistance check shows that
the architecture deposited on the NIMONIC 80 commercial refractory alloy substrate
withstands at least 100 heating and cooling cycles at a test temperature of 1200°C
without detachment and degradation.

6. Conclusions

Ultra-high temperature ceramics are promising candidates for high temperature
applications as thermal barrier coatings (TBCs) in hypersonic flight, rocket propul-
sion, atmospheric re-entry, refractory crucibles, plasma-arc electrodes, etc., to
protect structural components of spacecraft vehicles from damage caused by high
temperature and corrosive/erosive environments due to their high melting tempera-
tures and low thermal conductivities.
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Non-oxide ceramic coatings have highest melting temperatures but lower chemi-
cal stability at high temperatures in air and oxidizing atmosphere due to their higher
oxygen affinity and lower adhesion forces to the base metallic substrate.

The “gold standard” material for ceramic coatings is yttria-stabilized zirconia
(YSZ). However, it has some main drawbacks for use in higher temperature range due
to phase transitions at temperatures higher than 1200°C decreasing thermal stability
and susceptibility to (calcium magnesium aluminum silicates) infiltration leading to
delamination.

Rare earth zirconate compounds with general formula Ln,Zr,0; (Ln = La, Nd, Sm,
Gd, Yb) have unique features, which make them ideal for different applications, such
as radioactive waste immobilization, thermal barrier coatings and photocatalysis.
Their crystalline cubic pyrochlore structures have a relatively low oxygen diffusion,
low thermal conductivity, high thermal stability and chemical inertness, making
them among the most promising candidates for TBCs. Melting temperature for all
known rare earth zirconates with pyrochlore structure is higher than 2000°C, with
higher value 2570°C for Gd,Zr,0;. The thermal conductivity according to modeling
and some experimental data is in the range 1.1-1.7 Wm ™' K™'; however, lower values of
the thermal conductivities in the range 0.38-0.7 Wm ™' K™ were reported for co-pre-
cipitated rare earth zirconates and 0.31-0.38 for ZrO2-8Y203-6Ln203 co-doped pow-
ders, suggesting that both the synthesis method and the complex defect structures
induced by co-doping have a beneficial influence on reducing thermal conductivities
of perovskites. Solid-state reactions, co-precipitation, sol-gel and hydrothermal
methods have been used for the synthesis of Ln,Zr,0;, with hydrothermal being the
process with lower crystallization temperatures.

Electron Beam Physical Vapor Deposition (EB-PVD), Powder Flame Spraying,
Plasma Thermal Spray and Cold Gas Dynamic Spray Coating are the main techniques
used for creating different types and architectures of TBCs from rare earth zirconates
and zirconia co-doped with mixed rare earth zirconates. In all cases, the bonding of
the coatings to the metallic substrate to be thermally protected by ceramic coatings
needs the deposition of a NiCoCrAlY thin bonding layer, enabling the formation of a
thermal growth alumina layer reducing oxygen diffusion and ensuring the adhesion
energy of the ceramic layers to the substrates.

Different architectures containing Al,O;, YSZ, YSZ-co-doped with rare earth
oxides and rare earth zirconates were proposed. The parameters defining the TBCs
architectures are the number of layers, the kind and sequence of ceramic materials’
and layers’ thicknesses.

With the actual rare earth zirconate materials and configurations used, thermal
protection systems were able to support a minimum of 100 heating-cooling cycles.

Fundamental and applied research are further needed to model the thermal and
adhesion properties of different rare earth zirconates and oxides co-doped with
multiple rare earth oxides, including the development of high entropy oxides based
on rare earth oxides.
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Chapter 9

Polymer-Derived Advanced
Engineering Ceramics

Jinxue Ding and Wei Li

Abstract

Over the past few decades, considerable research efforts and progress have been
made concerning processing strategies of advanced ceramics as well as their struc-
tural/functional applications. Moreover, there are emerging research activities related
to developing synthetic pathways to advanced ceramics with tunable composition,
controllable morphologies, or improved sinterability. The polymer-derived ceramic
(PDC) route is a relatively young technology for ceramic manufacturing compared
with conventional ceramic powder technology, which brings a significant technolog-
ical breakthrough for the development of ceramic science and technology. As the PDC
route allows the processing and manufacturing of advanced ceramics from the liquid/
solid polymeric precursors, they are highly interesting, for example, for the fabrica-
tion of near-net shape ceramics, ceramic matrix composites (CMCs), additive
manufacturing of advanced ceramics, and so on. The main objective of the present
chapter is related to the recent developments of PDCs, to their processing strategies
for ceramic components, and to the potential applications of PDCs.

Keywords: polymer-derived ceramics, molecular design and engineering,
manufacturing techniques, structural/functional properties, potentail applications

1. Introduction

Molding and sintering fine ceramic powders constitute the typical process for
ceramic manufacturing [1]. However, as the applications of ceramics expand, a vari-
ety of advanced technologies are being developed and utilized for their production,
catering to a range of requirements [2-4]. The polymer-derived ceramic (PDC) route,
pioneered in the 1960s, is one of the advanced technologies for ceramic production
[5, 6]. Over the last half-century, extensive research on polymer-derived ceramics
(PDCs) has predominantly concentrated on silicon-based systems, given their foun-
dation in silicon chemistry [7-9]. From a ceramic composition perspective, the initial
focus was on the first two non-oxide binary carbides, SiC and nitrides Si3N4 [10, 11].
Following this, ternary compounds such as oxy-carbides SiOC and carbonitrides
SiCN, as well as quaternary systems like SIBCN and SiMCN (with M representing a
transition metal), were developed and explored [12-15]. The compositional evolution
from binary systems to more complex ternary and quaternary systems is to fulfill
diverse requirements for structural/functional properties [16, 17]. Furthermore, these
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PDC systems provide a pathway to prepare carbides, nitrides, or carbonitrides within
a thermally stable amorphous matrix, broadening both their functionality and struc-
tural applications. Besides, other systems without silicon, such as BCN, TiC, and AIN,
have also been investigated for various purposes [18, 19]. The PDC route, as indicated
by its name, involves the process of acquiring ceramic materials through the con-
trolled thermal decomposition, or thermolysis, of inorganic or organic polymeric pre-
cursors. These precursors, typically synthesized through various chemical reactions,
undergo controlled pyrolysis to eliminate organic components and transform into
inorganic ceramic structures. Indeed, starting from liquid or solid polymeric precur-
sors enables the PDC route to be highly versatile [7, 15]. For example, the viscoelastic
properties of polymers allow for the fabrication of ceramics with near-net shapes and
complex geometries, which are not always achievable through traditional ceramic
processing methods [20]. Consequently, the PDC products are very diverse, such as
fibers, coatings, foams, as well as dense monoliths, to suit different applications
[21-23]. Most importantly, the PDC route, as an emerging technology, offers advan-
tages in creating intricate and complex ceramic structures with high precision and
tailored properties, making it particularly valuable in applications requiring advanced
ceramic materials with specific shapes or forms.

2. Polymer-derived ceramic technology

Polymer-derived ceramic technology is a relatively recent development in ceramic
manufacturing compared with ceramic powder technology, offering great possibilities
for processing advanced ceramic materials. More importantly, the composition,
microstructure, and corresponding properties of PDCs can be controllably designed at
the molecular level [7, 15]. As aforementioned, it begins with the synthesis of poly-
meric precursors, in which the molecular structure is carefully designed to impart
specific ceramic chemical/physical properties. The next critical step is to shape the
precursors into desired forms, followed by crosslinking to stabilize their structure.
Subsequently, the organic polymer is heat treated under controlled conditions, such as
atmospheres (Ar, N, NH3, etc.), temperatures, and pressures, to remove the organic
components and form an amorphous ceramic matrix. Finally, controlled crystalliza-
tion serves to refine the phase composition of ceramics, thereby tailoring properties
such as mechanical strength and chemical and thermal stability. In this section, each
stage of the process will be comprehensively elaborated upon.

2.1 Polymeric precursor synthesis

The phase composition and microstructure of the polymer-derived ceramic prod-
ucts are closely related to the molecular type and structure of the polymeric precursors
used. Therefore, the design of polymer synthesis plays a crucial role in the field of
PDCs. Several organosilicon polymers have proven suitable as precursors for Si-based
ceramics. As presented in Figure 1, the backbone X defines the class of the polymer,
such as polysilanes with X = Si, polysiloxanes with X = O, polycarbosilanes with
X = CHy, polysilazanes with X = NH, and polysilylcarbodiimides with X = [N=C=N].
The functional groups R1 and R2 attached at the silicon atoms are usually hydrogen,
aliphatic, or aromatic groups, which provide opportunities to design polymer pre-
cursors at the nanoscale level [7]. For example, transition metals or other organic
substituents can be introduced onto the side groups R1 and R2, allowing precise
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Figure 1.
General synthesis routes of commonly used organosilicon polymers [24].

control over the ceramic yield and the carbon content in the final ceramics [25, 26].
Moreover, the solubility and rheological properties of polymers, which are crucial
features for subsequent processing, can also be finely controlled by the side

groups [27].

The chlorosilanes (R,SiCls—y, x = 0-3, R = organic group), generally formed as
byproducts in the silicone industry, are the most frequently used raw materials for the
synthesis of Si-based precursors because of their high reactivity, commercial avail-
ability, and low cost [2]. As shown in Figure 1, the synthetic route for Si-based
precursors typically involves catalytic dechlorination of organic chlorosilanes, assisted
by catalysts such as alkali metals (like lithium, sodium, potassium), ammonia, amines,
or water [24].

2.2 Shaping and crosslinking

Due to the polymeric nature of preceramic precursors, they can be readily shaped
and fabricated into various forms, including one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) ceramic products [2, 7]. It should be noted that the
polymeric precursor can exist in various forms: as a cross-linkable liquid, a meltable
and curable solid, or an unmeltable but soluble solid [28]. This inherent flexibility in
processing allows for a wide range of forming techniques, including extrusion, mold-
ing, and casting, making it possible to produce complex ceramic components. One of
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the advantages is that pre-ceramization machining prevents issues such as tool wear
and brittle fracture during component finishing, ensuring a higher-quality final prod-
uct with improved structural integrity and dimensional accuracy [29].

Importantly, to maintain its shape, the precursor must undergo crosslinking to
transform into a thermoset after shaping, which helps to minimize weight loss during
ceramization [30]. Thermal cross-linking is the predominant mechanism, typically
occurring within the temperature range of 200 to 400°C [31]. During this process,
cross-linking reactions take place between functional groups, including Si-H, Si-OH,
N-H and vinyl/allyl substituents, leading to the formation of a three-dimensional
network structure [32]. Other techniques like oxidative processes, y-radiation,
electron-beam irradiation, and reactive gases or plasma can also be used to initiate
cross-linking reactions [21, 33]. In particular, UV-crosslinking can occur when there
are photo-sensitive functional groups present on the polymeric precursors [34].
Besides, selective laser curing is often used in 3D printing processes, enabling the
fabrication of complex and intricate 3D structures [35]. One can select the appropriate
method for cross-linking based on the molecular structure of the polymeric precursor
and the desired properties of the final ceramic derived therefrom. Noteworthy, care-
ful control of the extent of cross-linking is crucial because it significantly influences
the rheological behavior of preceramic polymers, such as their spinnability for fiber
production and uniformity in coating fabrication [36, 37].

2.3 Pyrolysis and crystallization

Generally, the thermal treatment (pyrolysis) occurs after crosslinking to realize the
polymer-to-ceramic transition, which is typically completed at temperatures between
400 and 1100°C [7, 15]. During the pyrolysis, the rearrangement and radical reactions
occurring above 400°C lead to the cleavage of chemical bonds and the release of
hydrogen, low-weight oligomers, and hydrocarbons, consequently forming amor-
phous ceramic materials. A flow of inert (Ar, Ny) or reactive (NHj3, H,, CO,,

Ar + H,0) gas is often used. On the one hand, the inert gas can protect the material
from oxidation or other possible reactions. On the other hand, the pyrolysis atmo-
sphere plays an important role in adjusting the phase composition of resultant
ceramics [38]. For instance, reactive gas NH3 is commonly used in the Si-N, Si-B-N,
and Si-M-N systems, as it can effectively remove residual carbon introduced by the
solvent and increase the nitrogen content in the final product [39]. The thermal
decomposition accompanied by gas release results in a weight loss typically of 10—
30%. It is noteworthy that high weight loss can cause substantial shrinkage in the final
ceramic components. To enhance ceramic yield, efforts can focus on optimizing the
elemental composition and thermal stability of the preceramic polymer, adjusting the
structural arrangement (branched, ring, or linear) within the polymer backbone,
improving the effectiveness of crosslinking, and incorporating suitable fillers [40].
Recently, ceramic yields as high as 90% have been reported in the literature [41, 42].

Figure 2 schematically summarized the temperature range for the transformation
of amorphous to crystalline in PDC technology [15]. At temperatures exceeding 1100°
C, the amorphous phase undergoes crystallization and decomposition, leading to the
formation of multiphase crystalline structures [43]. The stability of the amorphous
phase is primarily influenced by the addition of other chemical elements such as
carbon, boron, aluminum, and transition metals (e.g., Hf, Zr, Ta) [44, 45]. These
added elements form a percolation network within the amorphous matrix, acting as
diffusion barriers that prevent local crystallization and maintain the size of nuclei
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The processing temperature range for PDC technology [15].

below the critical radius. The nucleation and growth of the crystalline grains from the
amorphous matrix occur at higher temperatures (above 1300°C) due to the increase in
atomic mobility and the lower energy state of the crystalline phase compared to the
amorphous phase. In addition, carbothermal reduction of SiO, and Si3N4 takes place
at elevated temperatures due to the existence of free carbon in SiOC and SiCN
ceramics, which leads to the formation of SiC and a further weight loss [46].

3. Microstructure of PDCs

As discussed in Section 2.3, when exposed to high temperatures, PDCs undergo
profound microstructural changes due to their intrinsic complexity, comprising an
amorphous matrix, free carbon, and nanodomains or a combination thereof. The
segregated carbon from the amorphous phase presents a unique characteristic distinct
from ceramic products prepared through powder technology. The remarkable resis-
tance of PDCs to crystallization has been attributed to the nature of nanodomains, as
proposed. Therefore, understanding the temperature-dependent microstructural evo-
lution in PDCs from amorphous ceramics to nanocomposites is crucial for
comprehending their properties, such as mechanical strength, thermal stability,
chemical resistance, and electrical and optical properties, to name a few. This evolu-
tion affects the overall performance and suitability of PDCs in various high-demand
applications, making it a key area of study. To provide a basic introduction, we will
elaborate on the microstructure and phase composition of two well-researched sys-
tems: polymer-derived SiOC and SiCN.

3.1 Polymer-derived SiOC

SiOC is characterized as an amorphous material, with a significant amount of
carbon incorporated into its silica glass structure [47]. The silicon atoms are tetrahe-
drally coordinated by oxygen and carbon atoms, forming SiO4C4_x units. The substi-
tution of divalent oxygen atoms with tetravalent carbon atoms increases the bond
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densities in the system, which explains the enhanced physical properties such as
viscosity, elastic modulus, and hardness when compared to vitreous silica counter-
parts [48]. At pyrolysis temperatures approximately 1100°C, polymer-derived SiOC
ceramics remain largely amorphous. However, when advanced, high-resolution ana-
lytical techniques are applied, polymer-derived SiOC is found to exhibit nanoscale
heterogeneity, due to its typical non-stoichiometric nature and inherent presence of
free carbon phases within its structure. Nanosized phases or nanodomains that can
exist within the amorphous SiOC matrix include amorphous silica (a-SiO,), free
carbon (Cge,), amorphous or crystalline silicon carbide (SiC), and interfaces of
Si04Cy— [49].

It is noteworthy that the carbon content in polymer-derived SiOC can be easily
adjusted by designing the molecular structure of the polymer precursor. For instance,
varying the ratio of triethoxysilane (TH) and methyldiethoxysilane (DH) monomers
during polymer synthesis allows for precise control over the carbon content [47].
Differences in microstructure can also be observed when varying the carbon content,
as displayed in Figure 3a [50]. The microstructure exhibits graphitic carbon
nanodomains represented by dark-shaded circles, surrounded by C-rich SiO4C4_,

(b) SiCN Precursors
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Figure 3.
Schematic microstructure of polymer-derived (a) SiOC and (b) SiCN [7, 50].
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structural units depicted in light gray regions. The oxygen-rich SiO4C4_, structural
units are shown as the gray patterned matrix. It is noted that a high content of carbon
in the pre-ceramic polymer leads to the percolation of the graphitic carbon regions
and the C-rich structural units within the ceramics. Moreover, by controlling the
carbon content to low levels (i.e., < 8 wt%), it is possible to achieve nearly stoichio-
metric SiOC, which facilitates the investigation of microstructural evolution of
polymer-derived SiOC [51]. It is reported that the phase separation starts when the
annealing temperature is up to 1300°C, due to the redistribution of the Si-O and Si-C
bonds. Upon further annealing at higher temperatures (1400-1600°C), nanosized f3-
SiC phases form and grow due to carbothermal reactions, leading to a decrease in the
free carbon content [52].

3.2 Polymer-derived SiCN

In the SiCN system, a completely different microstructure is observed depending
on the backbone structure of the polymeric precursor used: polysilazanes (X = N) or
polysilylcarbodiimides (X = [N=C=N]), as presented in Figure 3b [53]. Polysilazanes
produce a single-phase amorphous SiC,N, structure characterized by mixed Si-C-N
bonding and localized areas of free carbon [54]. In this structure, silicon maintains its
tetrafunctional coordination, allowing for mixed bonding with nitrogen and carbon
atoms to form SiC4Ny4_, configurations. Despite some variations in microstructural
evolution caused by the presence of linear or cyclic units in polysilazanes, the micro-
structure after pyrolysis at 1000°C can generally be depicted by the left picture in
Figure 3b. However, SiCN ceramics derived from polysilylcarbodiimides form a
multiphase amorphous system primarily consisting of amorphous SizN4 and carbon
clusters, with little to no presence of SiC4Ny4_, [55]. The formation of the amorphous
SiC phase requires a sufficiently high carbon content. Compared to polysilazane-
derived SiCN, the development of particular amorphous structures inhibits the pro-
cesses of crystallization and phase separation. In addition, the backbone structure of
polysilylcarbodiimides (whether branched or linear) influences the structural evolu-
tion during pyrolysis. For example, a branched poly(phenylsilsequicarbodiimide)
forms a nanostructure with regions containing free carbon and amorphous Siz N4
(a-Si3Ny), alongside an interfacial region characterized by C-N bonds. Instead, a
linear poly (vinylsilylcarbodiimide) produces a nanostructure with dispersed a-Si3Ny4
surrounded by interconnected free carbon phase [54].

Similarly, after pyrolysis at 1100°C, polymer-derived SiCN ceramics remain
mainly amorphous with some nanodomain structures. The onset of crystallization
occurs within the temperature range of 1300-1500°C, varying depending on the C/Si
ratio in the system. It has been reported that the thermal stability against crystalliza-
tion can be enhanced with an increase in the C/Si ratio [56]. In this stage, the coars-
ening of nanodomains and the transformation of amorphous Si3Ny into a-Si3N4 can
also be observed. The presence of the free carbon phase has been demonstrated to
restrict the formation of the a-Si3N,4 phase by acting as a diffusion barrier [57]. Upon
thermal treatment at higher temperatures (1600-2000°C), many of the Si3N,4 phase
can undergo transformation into SiC phase due to carbothermal reaction, accompa-
nied by the release of N, gas [58]. Above 1700°C, all Si-based phases become fully
crystalline, typically with a carbon matrix embedded with a- and -SiC phases.
Besides, many researchers have recently been interested in introducing boron or
transition metals (M = Hf, Zr, Ta) into polysilazanes or polysilylcarbodiimides to form

193



Advanced Ceramics Materials — Emerging Technologies

quaternary SiBCN or SiMCN systems, in order to increase the nitrogen content in
the final ceramic products and improve high-temperature properties. Results show
that the formed intergranular nanodomains BC,N, and MC,N, contribute a lot

to the thermal stability, oxidation resistance, and high-temperature mechanical
properties [59].

4. Advanced engineering applications of PDCs

The ability to tune the chemical and physical properties of PDCs endows them
with multifunctional capabilities. This versatility allows PDCs to be customized for a
wide range of applications, from high-temperature structural materials to components
in electronic and optical devices, as well as in energy storage and conversion systems
[15, 23]. Here, we will summarize selected applications based on the types of final
ceramic products.

4.1 Dense ceramic bulks

Polymer-derived ceramic monoliths based on SiC and Si3N4 exhibit significant
potential for applications in high-temperature structural components, as well as in
grinding and cutting operations [60]. Compared with conventional sintering using
binders to promote densification of green pellets, which requires burning out during
processing and inevitably introduces impurities, preceramic polymer binders offer
several advantages [61]. They enhance green density significantly, particularly with
powders that have low packing density. Upon pyrolysis, these binders transform into
ceramics with extremely small particle sizes, which facilitate sintering without the
need of external additional aids. Besides, incorporating inert or reactive fillers into the
polymer matrix is effective in minimizing pyrolysis shrinkage. This approach allows
for achieving linear dimensional changes of less than 0.1% through precise control of
time and temperature during partial pyrolysis of complex components. This process
results in ceramic products, especially with complex shapes, exhibiting enhanced
density and thus improved mechanical properties [2, 20].

Specifically, to produce dense, crack-free, and stoichiometric SiC bulks using the
PDC route, four main steps are typically followed in PDCs: obtaining amorphous
powder through pyrolysis; shaping using warm-pressing techniques; ceramization of
the shaped green bodies through heat treatment; and liquid precursor infiltration and
pyrolysis (PIP). Recently, dense SiC-based monoliths have also been prepared using
hot-pressing (HP), spark plasma sintering (SPS), and 3D printing techniques [62-64].
Wen et al. [64] sintered boron-containing HfC/SiC-based ceramics using SPS. Incor-
porating boron results in the formation of low-viscous borosilicate, which facilitates
the rapid formation of a continuous, dense scale upon oxidation, thereby providing
excellent oxidation resistance over a wide temperature range (from 20 to 1500°C). Li
et al. [41] prepared additive-free amorphous bulk polymer-derived SiHfN ceramics by
using warm-pressing followed by ammonolysis and annealing. The critical issues
related to gas evolution and crystallization, which can lead to bloating and cracking,
were addressed through controlled thermolysis and pressure management. The SiHfN
ceramic achieved a hardness of up to 19.7 GPa through warm-pressing at 120 MPa,
followed by annealing the green sample at 1300°C. Xiong et al. [62] successfully
prepared crack-free dense monolith and lattice skeleton structural polymer-derived
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SiOC ceramics by vat photopolymerization additive manufacturing. As displayed in
Figure 4, the pyrolyzed samples exhibited relatively uniform shrinkage and crack-
free structures because the introduction of phenolic resin (PR) enabled a smooth gas-
release process by establishing ordered channels within the sample bodies during
pyrolysis. The introduction of PR can enhance not only high-temperature stability but
also mechanical properties.

4.2 Ceramic fiber and fiber-reinforced ceramic matrix composites (CMCs)

Ceramic fibers, particularly those based on SiC, have stood out as the most suc-
cessful commercial application of PDCs since the last century. Ceramic fibers have
paved the way for the development of fiber-reinforced ceramic matrix composites
(CMCs), which have attracted considerable attention for their applications in high-
temperature environments where the metallic materials suffer serious corrosion and
mechanical property deterioration [23]. Therefore, ceramic fibers must possess supe-
rior mechanical and chemical properties to withstand the demanding operational
environments of turbine engines, rocket nozzles, and furnaces. The polymer-derived
ceramic fiber process has enabled the successful production of advanced ceramic
fibers spanning from nanometers to micrometers in diameter [36].

To produce fibers, typically, a spinning step, either melting spinning or
electrospinning, needs to be incorporated. Therefore, suitable rheology of the polymer
precursor, both in its molten state and in solution, is essential for processes.
Maintaining green fibers under tension during the polymer-to-ceramic conversion is

Figure 4.
Various digitally designed 3D models with different shapes [62].
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crucial to prevent crimping of the fibers due to thermal shrinkage, and all stages of the
process are carried out in a controlled atmosphere (either inert or reactive). For
example, SiC-based ceramic fibers are commercially manufactured by melt spinning
and widely employed as heat-resistant materials, as well as for reinforcing ceramic
matrix composites (CMCs). SiC-based ceramic fibers are derived from
polycarbosilane or polymetallic ocarbosilane precursors and have undergone the
stages of development according to their chemical composition, oxygen content, and
C/Si atomic ratio [65]. Amorphous SiBCN fibers have also been successfully prepared
using polyborosilazane precursors [66]. As-prepared amorphous SiBCN fibers with a
dense and smooth texture show high thermal stability in a N, atmosphere of up to
1600°C. Electrospinning is also extensively studied for producing fibers with precise
control over size and morphology, such as novel BN fibers and core-shell nanofibers
[67]. This method offers a versatile and controllable approach to creating nanoscale
ceramic fibers, facilitating the integration of functional materials with fibers and
enabling new applications to be explored.

Fiber-reinforced CMCs are fabricated by encapsulating carbon fibers (C¢) or
ceramic fibers within a dense ceramic matrix. The matrix phase can consist of a single
or multiple phases with compositional variations. The dense matrix is typically formed
using three primary techniques: chemical vapor infiltration (CVI), polymer infiltra-
tion and pyrolysis (PIP), and reactive melt infiltration (RMI) or liquid silicon infiltra-
tion (LSI) [23]. Among them, the PIP method offers several advantages, including
simplified and cost-effective equipment requirements, lower processing temperatures
that maintain the strength of ceramic fibers, shorter cycle times, enhanced infiltration
depth, improved uniformity, and the capability to produce large and intricate com-
ponents. The well-known fiber-reinforced CMCs, for example, C/SiC, SiC/SiC, and
C/C-SiC, are extensively used as hot structures for aerospace applications, like aero-
engine combustor liners, ducts, nozzle flaps, acoustic liners, turbine vanes, turbine
blades, and aircraft brakes. For example, using C/SiC composites as materials for
combustion chambers and nozzles can elevate the maximum combustion temperature
to above 1650°C [68]. Fiber-reinforced SiOC-based composites are also explored due
to its low cost. The matrix in C/SiOC composites comprises nano-crystallites of SiC
embedded within an amorphous SiOC matrix, which exhibits good oxidation resis-
tance [69]. However, at elevated temperatures, the SiOC matrix suffers from poor
creep resistance, primarily due to the presence of silica nanodomains. Introducing
boron to the SiOC matrix can improve the oxidation resistance, as the SiBOC matrix
forms stable borosilicate glass and inhibits crystallization during oxidization [70].

4.3 Ceramic membranes, coatings, and adhesives

Ceramic membranes and coatings can be prepared using polymer precursors
through liquid phase deposition (e.g., dip coating, spray coating, spin coating)
followed by pyrolysis [46]. This method is easier to handle and more cost-effective
compared to physical vapor deposition (PVD) and chemical vapor deposition (CVD).
Generally, thin layers of membranes are deposited by coating them onto tubular
asymmetric porous ceramic substrates. Polymer-derived SiOC membranes demon-
strate high permeability to hydrogen over carbon dioxide, showcasing molecular
sieving capabilities for separating H,/CO, [71]. Polymer-derived SiBCN membranes
offer significant advantages over commercial alumina membranes, including ease of
manufacturing, high thermal stability, and excellent oxidation resistance, making
them suitable for high-temperature separation applications [72].

196



Polymer-Derived Advanced Engineering Ceramics
DOI: http://dx.doi.org/10.5772 /intechopen.1007167

Polymer-derived ceramic coatings are extensively utilized as protective layers on
metals or CMCs to prevent oxidation when used as hot structural components in the
aerospace industry [23]. For example, ceramic-like gradient Si(C)N coatings can form
on stainless steel sheets, which effectively shield it from oxidation up to 1000°C [73].
The gradient Si(N)CrO layers act as a diffusion barrier against oxygen, resulting in a
significant reduction of both weight gain and the oxidation rate by up to two orders of
magnitude. However, during the pyrolysis of precursors into ceramics, porosity and
residual stress may occur due to shrinkage and decomposition. To tackle these issues,
passive fillers such as BN, ZrO,, and AL, O3, as well as active fillers like ZrSi; and TiSi,,
can be incorporated to minimize shrinkage during the pyrolysis of ceramic precursors.
This approach enables the creation of high-performance environmental barrier coat-
ings capable of achieving substantial thicknesses, up to 100 pm [74]. Alternatively,
another effective solution is the design of a double-layer coating system with a PDC
bond coat and a glass/ceramic filled PDC topcoat [75]. The PDC bond coat plays a
crucial role by shielding the metallic surface, enhancing adhesion between the surface
and the topcoat, and reducing the coefficient of thermal expansion (CTE) mismatch
between the metal and the topcoat. Apart from metallic components, it is also impor-
tant to develop protective coatings for CMC components [76]. For example, C/C
composites undergo degradation above 500°C in an oxidizing environment. Despite
C/SiC, C/C-SiC, and SiC/SiC composites exhibiting good oxidation resistance,
they still necessitate protective coatings to prolong their service life. The SiC-coated
C/C composite experiences approximately one-fourth the mass loss compared
to the uncoated C/C composite, after 50 minutes of exposure to an oxidizing
environment [77].

In many cases, it is more cost-effective to construct complex shapes by assembling
simple geometric forms. Ceramic adhesive bonding is the most cost-effective method
of joining without significant energy wastage, and it does not cause severe damage to
the substrates [78]. Therefore, high-temperature adhesives are crucial structural
materials for aerospace and nuclear power applications, where they must offer strong
bonding capabilities in elevated temperature conditions. NASA has developed an
adhesive called Non-Oxide Adhesive eXperimental (NOAX), which blends a sophis-
ticated formulation of preceramic sealant (hydridopolycarbosilane) with silicon car-
bide powder and additional additives. This adhesive meets NASA’s stringent
requirements for space missions [79]. It is applied to fill cracks or gaps in protective
coatings measuring up to 0.5 mm wide and 100 mm long. Following exposure to
temperatures exceeding several hundred degrees, NOAX achieves a semi-rigid state
and reaches complete hardening only upon encountering the extreme heat during
reentry into Earth’s atmosphere.

4.4 Microelectromechanical systems (MEMSs) and sensor

While silicon-based MEMSs have been applied in sensors and actuators, their
performance is frequently constrained by poor thermal stability above 250°C and
mechanical stability above 600°C [80]. Certain PDCs, such as SiOC, SiCN, and
SiCNO, also exhibit semiconducting properties, primarily attributed to the presence
of graphitic carbon and other nanodomains within the amorphous matrix. Reportedly,
both SiCN and SiOC ceramics exhibit remarkable piezoresistive properties, with
exceptionally high coefficients observed along both longitudinal and transverse direc-
tions, even under elevated temperatures [81, 82]. According to Ryu et al.,
semiconductive properties of SICNO PDCs were measured and confirmed up to 1300°
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Hllustration of the shaping process of PDCs [80].

C without dopants. The band-gap of SICNO PDCs decreased from 2.2 to 0.1 eV as the
annealing temperature was raised from 1100 to 1400°C [83].

Additionally, the semiconductive properties of PDCs can be readily tuned by
controlling their microstructure. SiC, with its wide bandgap semiconductor proper-
ties, has been proposed as a solution to address temperature limitations in Si MEMSs
for high-temperature sensing applications. Its superior resistance to corrosion, excel-
lent thermal stability, chemical stability, and mechanical performance have sparked
considerable interest in high-temperature semiconductor applications [84]. Figure 5
illustrates the shaping process and microscopic features of PDC MEMSs, demonstrat-
ing how the polymer route utilizes micropatterning to shape liquid precursors [80].

Due to their temperature-dependent electrical resistances, PDCs have shown
promise for use as flux sensors or temperature sensors in harsh environments. As an
example, Nagaiah et al. engineered a high-temperature heat flux sensor for gas turbine
engines utilizing polymer-derived SiCN ceramics [85]. This advanced sensor shows a
temperature coefficient of resistance of 4000 ppm/°C and maintains extended func-
tionality at 1400°C, surpassing conventional heat flux sensors. In addition, amorphous
SiCN-based ceramics have demonstrated effectiveness in hydrogen (H,) sensing at
temperatures as high as 500°C, attributed to their semiconducting nature. Thinner
layers of SiCN ceramics exhibit heightened sensitivity in measuring resistivity upon
exposure to adsorbed hydrogen molecules [86].

4.5 Porous ceramics

Porous ceramics, such as cellular ceramics/ceramic foams, ceramic sandwich
structures, and ceramic aerogels, are ideal for lightweight thermal protection systems
(TPS) [87]. Cellular ceramics are ceramic materials known for their substantial
porosity, with hollow cells that can vary in repetition and shape. These cells can be
regular in size and form, akin to a honeycomb structure, or irregular, resembling a
foam structure. Using preceramic polymers to produce cellular ceramics offers several
benefits, such as controlling the composition of ceramics, adapting to new processing
techniques, and easily machining the precursor foam followed by post-curing. The
fabrication of ceramic foams using preceramic polymers can be achieved through
three different methods: (i) replica method, (ii) sacrificial template method, and (iii)
direct foaming, as illustrated in Figure 6 [88]. For example, SiOC foams typically
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Figure 6.
Scheme of possible processing routes used for the production of macroporous ceramics [88].

undergo a decrease in compressive strength at elevated temperatures, mainly due to
carbothermal reaction [89]. In contrast, SiC foams can maintain their strength under
similar conditions due to the absence of carbothermal reaction [90]. Derived from
polycarbosilane, SiC foams demonstrate an enhanced load-bearing capability through
increased strut density, attributable to a reduction in pore size. Besides that, ceramic
aerogel, with its ultra-low density and low thermal conductivity, is highly sought after
as a thermal protection system (TPS) material for space applications [91].

5. Conclusions

Advanced ceramics, being among the most sought-after technological materials,
find extensive applications across various industries and engineering fields. The
polymer-derived ceramic route paves a disruptive way for the ability to realize high-
performance ceramic components, even with complex shapes. The use of polymer
precursors enables design at the molecular scale, employing highly versatile shaping
methods and fine-tuning mechanical and functional properties. Careful control of the
pyrolysis process (e.g., temperature and atmosphere) allows for the preparation of
polymer-derived ceramics with controlled composition, tailored microstructure, and
desired properties. The versatility in shaping makes it possible to produce ceramics in
all kinds of forms, such as fibers, coatings, and dense and porous monoliths. Due to
their excellent high-temperature stability, oxidation resistance, and semiconducting
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properties, polymer-derived ceramics have been employed in various applications
including hot structural components, protective coatings, sensors, and thermal pro-
tection systems. In recent years, researchers have shown a growing interest in
enhancing properties through microstructural design, such as by introducing transi-
tion metal elements, and through advanced processing techniques like additive
manufacturing. With continuous efforts in this field, it is anticipated that more
potential applications for polymer-derived ceramics will be explored.
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Synthesis

Alina Pruna, Ashley Bonilla, Rut Benavente,
Maria D. Salvador-Moya, David Busquets-Mataix and
Amparo Borrell

Abstract

The synthesis of lead-free (Nag 5K 5)NbO; (KNN) ceramics for potential
piezoelectric applications is reported by conventional solid-state reaction between
alkaline carbonates and Nb,Os. Prior to the synthesis, the reactant powders and
their corresponding stoichiometric mixture are alumina ball-milled to homogenize
the particle size and as pre-activation treatment, respectively. The synthesis of the
KNN-based ceramics was investigated systematically with the duration of the ball
milling and calcination conditions in terms of mass change evolution at involved
temperature steps. The properties of the obtained ceramics including phase struc-
ture, morphology, composition, relative density and microhardness were assessed by
Field Emission Scanning Electron microscopy, Energy Dispersive Spectroscopy and
X-ray diffraction. The obtained results indicate that longer ball milling duration is
detrimental to the synthesis of KNN ceramics while tailoring of the KNN properties
can be achieved by adjustment of calcination conditions including calcination rate,
calcination temperature stage and calcination dwell duration.

Keywords: KNN, piezoelectric, ceramics, alumina ball-milling, calcination

1. Introduction

The piezoelectric materials are widely applied in several fields including piezoelectric
actuators, piezoelectric transformers, and piezoelectric energy harvesters [1-3]. The
corresponding market has been dominated by lead zirconium titanate (commonly
abbreviated with PZT) ceramics, but these contain over 60 wt% lead and so, they are
ineluctably toxic. Therefore, lead-free alternatives are sought [1]. Lately, the (Nag 5K 5)
NbOs-based system (KNN) has received much attention thanks to its outstanding
properties, including considerable piezoelectric coefficient ds; of 300-400 pC N and
high Curie temperature beyond 400°C, besides its lead-free content [4, 5].
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Given the high complexity in the composition of KNN ceramics, many challenges
are encountered during the synthesis, which would result in poorly reproducible
functional properties [6]. The conventional route to synthesize KNN ceramics is
based on the solid-state reaction between sodium and potassium carbonates and
Nb,Os powders. Despite many advantages, an important drawback of the conven-
tional solid-state reaction consists in the hygroscopic nature of the carbonate precur-
sors that leads to water content and thus, light stoichiometric changes that are able
to induce important structural changes or appearance of secondary phase [7]. The
non-homogeneous distribution of Nb and varying diffusion rates of Na and K ions
could also lead to local heterogeneities, incorrect stoichiometry, and the presence of
intermediate and secondary phases.

It has been shown that the ferroelectric and piezoelectric properties of KNN materi-
als can be tailored by proper control of alkaline content and the K/Na ratio and by
adjusting the content of intermediate and secondary phases. The optimal piezoelectric
output in KNN systems was indicated for a K/Na ratio critical value of 1 [8]. On the other
hand, during the synthesis, particle coarsening seldom takes place, which in turn dimin-
ishes the powder sinterability and lowers the piezoelectric response. Thus, a densifica-
tion control is also required to improve the piezoelectric properties of KNN ceramics.

Regarding the synthesis, mechanochemical activation has been proposed as a suit-
able pre-treatment approach. Mechanochemical reactions are promoted via energy
transfer between milling bodies and the powder being milled. Thus, the reaction
between the powder precursors can be activated during the ball milling process given
that the corresponding energetic barrier is reached by the cumulative kinetic energy
provided by the high-energy employed in the milling [19]. The mechanochemical
activation has important advantages, namely, it decreases the calcination temperature
and overall synthesis duration, and it allows the control over the volatilization of
alkaline species by reducing it. Thus, it enables the synthesis of KNN ceramics with
enhanced chemical homogeneity and improved crystal structure [9, 10]. The common
ball milling conditions refer to ball milling of precursor mixture with zirconia bodies
for as long as 24 h, on/off time as 2/8 minutes. Following the ball milling mecha-
nochemical activation of the precursor mixture, calcination is applied. Common
calcination temperatures refer to 900°C and dwelling for as long as 5 h. Most of the
works report a synthesis approach based on ball milling of the mixture followed by
calcination and sintering or a second milling step after the calcination and another
calcination step or varying sintering steps [11].

During the sintering, densification takes place together with grain growth and
coalescence. In a first stage, a liquid phase is formed due to excess Nb,Os and it helps
to initiate the sintering when necking appears together with particle downsizing,
thus inducing a light densification [12, 13]. Further, the densification continues as the
grains get interconnected and the pores reduce their section area. In a last stage, the
pores diminish greatly up to their complete disappearance.

The sintering temperature in conventional method was reported to be between
1000 and 1150°C. While a higher sintering temperature and dwelling were indicated
to be useful in diminishing the intermediate phase and the residual porosity, an excess
temperature or dwelling would result in grain growth and evaporation of the alka-
line elements due to their low fusion points (892 and 760°C for Na and K), thus, in
composition variation [14-17].

The maximum densification in KNN structure of about 97% was observed at
1100°C. By increasing the sintering dwelling, the improvement of densification
required for the enhancement of electrical properties of KNN ceramics can be
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achieved [13, 18]. An optimal dwelling at maximum sintering temperature was
reported as 2 h [19]. Nevertheless, the dwell time and heat rate must be adjusted to
completely remove the intermediate phase and impede the evaporation of alkaline
elements by a prolonged dwelling.

Despite many reports on similar processing conditions, the significantly differ-
ent properties of the obtained KNN ceramics show that more studies are required to
define proper fabrication protocols that allow enhanced reproducibility of the final
KNN properties. The mechanical energy supply during grinding and thermal energy
delivery during calcination and densification have been indicated as key parameters to
focus on due to the direct relation between particle sizes and powders’ reactivity [20].
In this work, a novel fabrication approach is proposed for KNN systems to be applied
in the conventional solid-state route, namely by mechanochemical activation of
downsized KNN precursors powders, and adjusting the calcination conditions. Both
the downsizing of precursors and the mechanochemical activation of their mixture
have been achieved by ball milling with alumina bodies as the cheaper alternative.
The obtained results indicate the proposed synthesis approach is a valuable tool in the
fabrication of reliable KNN ceramics.

2. Materials and methods
2.1 Materials

Commercial niobium (V) oxide (Nb,Os, 325 mesh, <44um), K,CO; and Na,CO;
(anhydrous) were purchased from Sigma-Aldrich (UK) Co., Ltd.

2.2 Synthesis

The precursors were homogenized individually by ethanol wet milling in a plan-
etary ball mill in a zirconia jar in a Fritsch Pulverisette 7 machine at 400 rpm for eight
cycles of 10 minutes on time and 5 minutes idle time. The ball material employed in
the attrition milling was AL,O; of 5 mm diameter. The milling energy was adjusted
by employing a ball-to-powder ratio (BPR) of 10:1. The homogenized powders were
dried at 100°C for 24 hours and further mixed according to the stoichiometric for-
mula, namely in the mass fractions 68.5247, 13.6604 and 17.8150% for Nb,Os, Na,COs,
and K,COs, respectively.

The lead-free systems were prepared using the conventional solid-state reaction
method reaction in three steps, namely, mixing, calcination and sintering. First, the
KNN mixtures were mixed by employing the same conditions of ball milling as for
the individual precursors, namely by employing Al,O; balls of 5 mm diameter in 10:1
BPR. To assess the effect of precursor mixing duration on the reactivity and formation
of KNN ceramics, the ball milling duration was varied from 2 to 3 h. After the mixing,
the powder mixtures were dried at 100°C for 24 hours and sieved.

The sieved mixtures were subjected to calcination in the air by using a Carbolyte
HTF1800 furnace. To assess the effect of calcination conditions, the calcination rate,
temperature and dwelling were varied. The calcination conditions that were employed
are 700°C for 2 h, with a rate of 3°C min! (method CA); 700°C for 5 h, with a rate
of 10°C min~? (method CB); 800°C for 2 h, with a rate of 10°C min~* (method CC).
Method CA and CB take up similar processing time and were applied with the
purpose of lowering the calcination temperature, by proper adjustment of calcination
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rate, dwelling and mixing. The method CC was employed to confirm the requirement
of higher calcination temperature, as a function of mixing duration for the powders.
After calcination, the mixtures were left to cool naturally overnight, sieved again and
compacted uniaxially under 15 MPa pressure for 2 minutes.

The sintering step was further performed by temperature increase up to 1100°C
with a heat rate of 10°C min ™" and 2 h dwelling followed by furnace-cooling to room
temperature overnight.

2.3 Characterization

The particle size of the precursors and mixtures was obtained by light scattering
in water as dispersing liquid with a Mastersizer Hydro 2000, Malvern Instruments
analyzer. The volumetric particle size distribution was averaged from three measure-
ments of 12 s each at 2000 rpm pumping.

The mass changes upon heating and the temperatures where they take place were
observed on both precursors and mixtures with a thermogravimetric analyzer TGA
Q50, TA Instruments in air atmosphere to simulate the calcination environment. The
heat rate employed was 10°Cmin™".

The fracture surface of the sintered samples has been studied using a Field
Emission Gun Scanning Electron Microscope (FE-SEM, GEMINI ULTRA 55 MODEL,
ZEISS). Elemental analysis was performed on the same microscope equipped with an
Energy Dispersive Spectroscopy analyzer.

An X-ray diffractometer (D2 Phaser, Bruker, Karlsruhe, Germany) was used to
determine the room temperature phase structure. A Bruker D2 Phaser diffractometer
using radiation of Cu-ka with a wavelength \ = 1.54 A was employed. The XRD peak
at about 45° was deconvoluted using Voigt function and the coexistence of ortho-
rhombic and tetragonal phases was evaluated.

The bulk density of the sintered samples was measured using Archimedes’ prin-
ciple by employing distilled water as immersing liquid. At least five measurements
were averaged for each sample. The relative density was calculated by dividing the
bulk density by the theoretical density of the powder mixture (4.506 g cm™) [21].

Vickers microhardness assessments were carried out by indentation with a micro-
hardness tester (400 A Innovatest, Maastricht, The Netherlands)) employing a con-
ventional diamond pyramid indenter and a 0.1 kg for 10 seconds. The diagonals of each
indentation were measured using an optical microscope. The value of HV is the rela-
tionship between the applied load and the surface area of the diagonals of indentation.
At least five measurements were obtained per sample and further averaged. Prior to
microhardness measurement, the samples were embedded in epoxy resin (TransOptic,
Buehler) by using a pressing unit (LaboPress-3, Struers, Ballerup, Denmark). A com-
pression force of 15 kN, heating at 180°C for 7 minutes and cooling for 7 minutes were
the parameters set for the embedding process. Polishing with decreasing particle size
up to 1 pm was achieved by employing a Struers, model Roto-Pol-31 equipment.

3. Results and discussion

The homogenized precursors employed in the synthesis of KNN ceramics were
analyzed first in terms of particle size. All precursors have been downsized with
respect to the as-received precursors of about 95%. Figure 1 presents the differential
size distribution for the three reactants upon homogenization. As it can be observed,
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Figure 1.
Particle size distribution for the KNN precursors.

all reactants exhibit a bimodal distribution, except for Na,COj; that presents a third
one, which is attributed to agglomerates due to its hygroscopic nature.

The evolution of percentile size values below 10, 50 and 90% of sample content
were retrieved according to the cumulative particle size distribution. The results
obtained for the individual precursors upon ball milling homogenization are shown in
Table 1. As it can be observed, the carbonates show similar small size distribution, with
submicron average size, while the Nb,Os average size particles have about 3 microns.

The individual precursors were further weighed in the corresponding stoichio-
metric values and mixed by ball milling. The evolution of percentile size values for
the mixtures obtained with varying milling duration is depicted in Table 2. As it can
be observed, the mixtures show intermediate values with respect to the individual
precursors. The median particle size of the mixture is lower after the ball milling mix-
ing, which is indicative of further downsizing of the reactants in the mixing step. On
the other hand, it is observed that prolonged mixing by ball milling results in increas-
ing size distribution across the percentiles, which could be due to limited downsizing
followed by agglomeration.

The next step in the synthesis of the KNN ceramics is represented by the calcina-
tion of precursor mixture. To observe the effect of the milling duration for the mixing
of the reactants on the behavior to solid-state reaction in the calcination step, the
percentile size values were obtained. For exemplification, the results for the calcina-
tion at 700°C for 2 h, with a rate of 3°Cmin! (method CA) are depicted in Table 3.

It was observed that the particle size values increased with respect to the mixtures
prior to calcination, which is attributed to the decomposition and coalescence of the
reactant particles during the solid-state reaction in the calcination step. Moreover,

Precursor d10 (pm) d50 (pm) d90 (pm)

Nb,Os 0.755 3.017 24.199

Na,CO4 0.072 0.169 1.898

K,COs 0.071 0.149 0.666
Table 1.

Cumulative size distribution for the homogenized precursors.
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Mixing duration d10 (pm) d50 (um) d90 (pm)

2h 0.395 1448 5131

3h 0.428 1.776 17.050
Table 2.

Cumulative size distribution for the mixtures obtained with diffevent mixing duration.

Mixing duration d10 (pm) d50 (pm) d90 (pm)

2h 0.985 2.848 34.823

3h 0.973 3478 40.339

PF2h 2494 1.967 6.787

PF3h 2.273 1.958 2.366
Table 3.

Effect of mixing duration on the particle size upon calcination with CA method.

the mixture milled for 3 h resulted in particle size values greater than the one milled
for 2 h, which might be explained by the larger particle size of the mixture prior to
calcination. The solid-state reaction was further monitored by employing a parameter
described as particle size increase factor (PF) obtained by dividing the percentile
values obtained upon calcination by those prior to calcination as shown in Table 3.
The obtained values show similar PF for up to 50% of the sample, irrespective of the
mixing duration. On the other hand, the PF for the particles up to 90% of the sample
is three times higher for the mixture obtained for 2 h mixing, which can be attributed
to improved solid-state reaction due to the smaller particle size of the mixture sub-
jected to calcination.

To get an insight into the effect of the calcination conditions on the solid-state
reaction, the percentile values were obtained and analyzed by the PF with respect to
the particle size values corresponding to the mixture prior to calcination (as depicted
in Table 2). For exemplification, the evolution of particle size values for the mixture
obtained by 2 h mixing is shown in Table 4.

As it can be observed, the particle size values increase with calcination conditions
in the order CA < CC < CB. The particle size increase factor (PF) for each percentile
exhibits the same trend, that is PF CA < PF CC < PF CB. The obtained particle size
and PF values indicate that for the same calcination temperature value, as low as

Calcination condition d10 (pm) d50 (pm) d90 (pm)
CA 0.985 2.848 34.823
CB 1.212 4.56 69.617
CC 1.093 3.815 42.656
PF CA 2.494 1.967 6.787
PF CB 3.068 3.149 13.568
PCCC 2.767 2.635 8.313
Table 4.

Effect of calcination conditions on the particle size for powders obtained by 2 h mixing.

214



Effect of Calcination on Alumina Ball-Milled Powders toward Lead-Free KNN-Type Ceramics...
DOI: http://dx.doi.org/10.5772/intechopen.1007277

700°C, a longer dwelling induces improved reaction despite a higher calcination rate
(calcination condition CB) with respect to a shorter dwelling and slower calcination
rate (calcination condition CA). The calcination CB also appears to induce improved
coalescence with respect to condition CC, despite the lower temperature (700 vs.
800°C), which is explained by the increased dwelling.

Following the calcination step, the mixtures were sieved, uniaxially compacted
and subjected to sintering step in the same conditions, namely 1100°C for 2 h and
10°C min ™" rate. The solid-state reaction was further monitored by recording the
weight loss (%) upon individual synthesis steps, that is calcination step and sinter-
ing one, by reporting the final weight to the initial weight of the mixture subjected
to each step, as well as total weight loss obtained by summing the individual ones.
Table 5 depicts the evolution of weight losses with the calcination conditions and
milling duration of the reactant mixing.

It is observed that the weight loss values are higher for the mixture obtained by 3 h
mixing than 2 h mixing, indicating that the particles undergo more decomposition
and evaporation and less formation reaction, due to less contact surface of the larger
particles. After the calcination step, the weight loss is observed to be the lowest for the
CA calcination condition, attributed to the lower calcination temperature. The weight
loss is similar for the CB and CC calcination conditions, and higher than CA condition.

The weight loss after the sintering step has an opposite trend, that is it decreases
from condition CA to CB=CC, which is attributed to a larger extent of decomposition
due to the high temperature applied in the sintering step. As the CB and CC mixtures
already initiated the formation reaction in the calcination step, they lose less weight
upon sintering one, where the formation reaction is completed.

The total weight loss recorded after the two steps (calcination and sintering)
decreased in the order CA > CB > CC, indicating a higher yield of KNN formation in
calcination conditions CB and CC and that proper control of the three parameters
such as calcination rate, temperature and dwelling time is needed to adjust the
synthesis of KNN ceramics, besides the control of reactant particle size.

The solid-state reaction synthesis of KNN ceramics was further analyzed using
thermogravimetric measurements (TGA). The weight changes of the individual pre-
cursors indicated that Nb,Os is stable over the whole temperature range while Na,CO;
and K,CO; dehydrate around 100°C and start to decompose from 625°C, with tem-
perature peaks at 820°C Na,COj; and 830°C for K,COs;, in agreement with the melting
points [22]. The thermograms obtained for the mixtures indicate varying behavior
as a function of the ball milling mixing duration, as shown in Figure 2. The weight
losses recorded below 100°C are attributed to water evaporation. The water loss from
2 h mixture amounts 1.9% while the 3 h one reaches double percentage. Another
weight loss is recorded at about 280°C and it is assigned to water loss from hydrated

Calcination condition Weight loss % after Weight loss % after Total weight loss %
calcination sintering
2h 3h 2h 3h 2h 3h
CA 11.94 13.34 17.03 1765 28.98 30.99
CB 15.30 1591 1143 11.88 26.73 2779
cC 15.34 15.93 10.67 11.55 26.01 2748
Table 5.

Effect of calcination and precursor mixing on the weight loss in the synthesis steps.
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Figure 2.

Thermograms (TG, green) and Differential Thermograms (DTG, blue) of the mixture obtained by 2 h mixing
(a) and 3 h mixing (b).

carbonates together with CO, release [7]. This weight loss increased from 2% for

the 2 h mixture to 2.5% for the 3 h one. The formation of an intermediate phase
(K,Na),Nb4O;; at the Nb,Os surface upon decomposition of the carbonates together
with the initiation of the formation of stoichiometric (K, soNag so) NbO; at the surface
of the intermediate phase [23] is indicated by the wide peak centered at 447°C. The
associated weight loss is about 3.2 and 3.6% for the 2 h and 3 h mixture, respectively.
Another peak at about 630°C is assigned to the completion of the formation of KNN
and diffusion of alkali elements toward the unreacted Nb,Os [23].

While all temperature peaks were located at similar values, irrespective of the
mixing duration, the weight losses (%) were higher for the mixture obtained for 3 h
than for 2 h, indicating higher particle experience evaporation due to their larger
size. Considering the weight loss observed up to 700°C, the mixture obtained for2 h
reached a value of 11.46%, which is closer to the theoretical weight loss for the KNN
precursors, that is, 11.34% [23], than the one recorded for the mixture obtained for
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3 h, namely 12.84%. Moreover, the smaller weight change at the temperature assigned
to the KNN formation completion, that is, 630°C, for the mixture obtained for 3 his
indicative of the lower contact surface between the particles which affects the balance
between Nb,Os and carbonate particles and thus KNN formation completion.

The morphology of the sintered KNN was investigated by FESEM measurements
and the typical morphologies are depicted in Figure 3 as a function of precursor mix-
ing duration and calcination conditions. It is observed that the grain shape changed
toward typical cube-like one [24, 25] by varying the calcination conditions in the
order CA < CB < CC for both cases of mixing durations.

In general, the size of the grains was larger for the mixture obtained by 3 h mixing.
The low calcination rate in CA condition results in decomposition and evaporation of
material and in combination with a low contact surface due to larger particle size as
the 3 h mixture exhibits, some of the calcined grains appear smaller than in the case
of 2 h calcined mixture. By a faster calcination rate as in CB condition, although the
large dwell allows for the formation reaction between the smaller particles, the bigger
ones do not have enough time to decompose with the same degree; therefore, the
grains exhibited by 3 h calcined mixture appear larger than the 2 h one. Finally, the

700°C-2h

3°C min’!

700°C-5h

10°C min!

800°C-2h

10 °C min'!
Figure 3.

FESEM images for sintered KNN as a function of precursor mixing duration (2 or 3 h) and calcination
conditions.
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combination of the higher calcination rate and temperature in CC condition allows for
a more homogeneous grain size distribution within the sample, while the 3 h mixture
still presents larger grains. The grain size ranged between 1 and 2 pm, and it agrees
with other reports [26].

The elemental analysis by energy dispersive spectroscopy (EDS) was performed
to obtain further information regarding the solid-state reaction and formation of
KNN ceramics. K ions have a lower diffusion rate; thus, it is highly affecting the final
properties of KNN ceramics. For this reason, the total alkaline content, A/(A + Nb)
and K/A (where A is the alkaline content as K + Na), were investigated, as they
reflect the formation completion for KNN structure due to particle size induced
reactivity. Table 6 presents the evolution of such indicators with the mixing dura-
tion and calcination conditions. The theoretical values for the KNN and the interme-
diate phase, K;Na,Nb,O;; for A/(A + Nb), are 0.50 and 0.33, respectively, while the
value of K/A is 0.50 for both.

As it can be observed in Table 6, the values for the A/(A + Nb) and K/A are closer
to the theoretical values corresponding to the intermediate phase (K,Na),Nb4Oy;.

The A/(A + Nb) increases in the order of calcination conditions CA < CB = CC, while
the K/A decreases in the same order, for both mixture cases, toward the theoretical
values obtained for perovskite KNN phase. The evolution of these two parameters

is indicative of the increasing formation of KNN structure with proper calcination
conditions achieved in CB and CC for the 2 h mixture and in CC for the 3 h mixture.
Nevertheless, the two indicators are closer to the theoretical KNN phase for the 2 h
mixture than the 3 h one. The calcination conditions CB and CC appear to result in
similar A and K contents for the 2 h mixture, indicating that the smaller particle size
allow more reactivity and KNN formation due to a larger contact surface and it can be
achieved also at lower calcination temperature with further adjustment of dwelling
time. On the other hand, for the larger particles in the 3 h mixture, only calcination
condition CC appears mostly favorable for KNN formation due to the higher calcina-
tion temperature.

The crystal structure of KNN ceramics was further analyzed using XRD measure-
ments. The calcined mixtures were first investigated with respect to the individual
precursors. Knowing that high calcination temperature induces good KNN formation
reaction, to observe the effect of the precursor mixing duration in this aspect, the
calcination conditions such as the lowest calcination temperature and dwelling time
were considered as relevant. Thus, Figure 4 depicts the XRD spectra of the mixtures
calcined in condition CA (700°C, 2 h dwelling, 3°C min ™" rate) vs. precursors. The
precursors show the typical peaks [26]. The temperature of 700°C was selected for
the calcination in agreement with the temperature revealed for the synthesis by
TGA results (above 650°C). Indeed, both spectra of the mixtures depict the typical
perovskite peaks and low content of the intermediate phase (intermediate phase

EDS analysis 2h 3h
CA CB CcC CA CB CC
A/(A + Nb) 0.45 0.48 048 0.46 048 0.50
K/A 0.56 0.51 0.51 0.57 0.54 0.52
Table 6.

Evolution of alkaline elements and K from total alkaline content with the precursor mixing duration and
calcination condition.
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Figure 4.
XRD spectra for the mixtuves calcined in condition CA.

(K,Na),Nb4Oy; prior to the formation of KNN). Both spectra present a sharp (110)
plane at about 32° of maximum intensity, indicative of the perovskite formation.
The coexistence of both orthorhombic and tetragonal phases with dominancy from
orthorhombic one is shown by the separation in two of the peaks [27].

The peak at 45° corresponding to the orthorhombic and tetragonal coexistence
[28] was found to increase in intensity and show a marked split upon sintering as
shown in Figure 5a and b, for both mixtures, obtained by 2 and 3 h, respectively.

The smaller full-width half maximum of the peak located at 32° is indicative of the
reaction formation where the particles fuse and result in larger structure. The insets in
Figure 5 depict a different behavior during the synthesis depending on the precursor
mixing duration. On one hand, the sintered 2 h mixture shows a decrease in the angle
f with the calcination condition or the 45° peak, namely in the order CC < CB < CA.
This aspect indicates changes in the composition, and they are attributed to improved
reactivity and diffusion of alkaline elements toward the formation of pure perovskite
KNN structure, in agreement with the EDS results in Table 6 for 2 h mixture. On the
other hand, the sintered 3 h mixture exhibits an opposite behavior, that is, the peak
at 45° shifts toward increasing angle CA < CB < CC. The peak intensity increases for
both mixtures from CA to CB and CC calcination conditions.

The peak at 45° is further depicted in a magnified image in Figure 5c, to show the
difference between the mixtures at the highest calcination temperature. It is observed
that the angle corresponding to the 2 h mixture is lower than the 3 h one, attributed
to improved K* diffusion (larger cation radius than Na*) [29] in the KNN structure
thanks to the larger contact surface conferred by smaller particles in the 2 h mixture.

The density measurements indicated the densification of the KNN ceramics
depended greatly on the calcination conditions as well as on the reactant mixing dura-
tion, as shown in Table 7. The relative density ranged between 92.10 and 96.31%, in
agreement with other reports. The relative density values of the KNN ceramics were
higher for the 2 h mixture, which can be explained by the smaller average particle size
of reactant mixture subjected to solid-state reaction as induced by proper precursor
mixing duration by ball milling. On the other hand, the relative density increased in
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XRD spectra for the sintered mixture 2 h (a), 3 h (b) with the calcination conditions and magnified XRD spectra

in condition CC (c).

the order CA < CB < CC of calcination conditions, indicating that a higher calcina-
tion temperature is most determining for the densification, most probably due to the

20 (degree)

reducing porosity between the grains.

Despite the interest raised by KNN ceramics, there are only a few reports on their
mechanical properties [30-32]. Here, the mechanical properties of the KNN ceram-
ics were evaluated by microhardness measurements. The HV0.1 evolution with the
average particle size induced by reactant mixing by ball milling and with calcination
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Calcination condition/mixing duration Relative density %
2h 3h
CA 92.10 91.53
CB 95.36 94.98
CcC 96.31 95.70
Table7.

Evolution of velative density for sintered KNN with calcination and precursor mixing.

Calcination condition/mixing duration HVO0.1
2h 3h
CA 157 129
CB 161 136
CcC 166 133
Table 8.

Microhardness of KNN ceramics as a function of calcination conditions and mixing duration.

conditions is presented in Table 8. The KNN ceramics obtained by 2 h mixing
recorded higher hardness values than their counterparts obtained by 3 h mixing, in
agreement with the density evolution in Table 7. On the other hand, the obtained
values show a different evolution of microhardness with the calcination condition if
the mixtures were obtained for varying mixing time, that is, for the case of smaller
particles in 2 h mixture, the best conditions to improve the microhardness appear as
CC, where higher calcination temperature is combined with a faster heating rate and
2 h dwell. In the case of larger particles in 3 h mixture, the similar values obtained for
calcinations CB and CC indicate tailoring could be achieved by considering the proper
combination of dwelling, calcination temperature and heating rate, where dwelling
exhibits a marked influence.

4. Conclusion

A novel approach based on mechanochemical activation of the mixture of
downsized precursor powders is proposed for the conventional solid-state reaction
synthesis method of KNN ceramics. The mechanochemical activation and downsiz-
ing of the precursors have been performed by ball milling with alumina bodies. The
approach was tested in varying conditions of calcination, including temperature,
heating rate and dwelling. The potential of the proposed approach for the control of
the powder reactivity toward the suitable alkaline content, K/Na ratio, presence of
secondary phase and grain homogeneity in the final KNN ceramic was demonstrated
by the decreased reaction temperature in agreement with TGA results and particle
size, as well as XRD ones. The results indicate that the application of ball milling
with alumina bodies for 2 h achieves small enough particles to enable proper reaction
by calcination at a temperature as low as 800° where the heat rate is 10°min " and
the dwelling is 2 h and achieve the best K content. Such results could be exploited
in the fabrication of KNN with suitable piezoelectric properties for a large range of
applications.
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Membranes for Water Treatment
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Abstract

A study on the technological innovations in the development of ceramic mem-
branes for water treatment is provided. These membranes have proven to be effec-
tive in removing contaminants in the water, such as heavy metals and pathogens. It
discusses the different materials based on oxides such as Al,O;, TiO,, SiO,, and ZrO,,
used in manufacturing, as well as fabrication techniques and surface modifications
that have improved their properties. In addition, the environmental and economic
impact on water treatment plants is addressed. From a financial point of view, imple-
menting membranes can be an investment, both in acquiring the membranes and in
the infrastructure. Membrane maintenance and operating costs are often high, which
can affect the economic viability of the treatment plant. The results suggest ceramic
membranes are a viable and efficient option for treating polluted water.

Keywords: ceramic membranes, water treatment, technological advances, pollutants,
environmental impact

1. Introduction

Water treatment is a global challenge that requires innovative and efficient solu-
tions to remove contaminants and ensure the availability of clean water. Ceramic
membranes have emerged as a promising technology in this field due to their ability to
efficiently remove a wide range of contaminants, including heavy metals and patho-
gens [1, 2]. These advances in ceramic membranes are driven by the development
of new materials and manufacturing techniques that improve their properties and
performance [3].

Ceramic membranes are primarily manufactured from oxides such as AL,Os, TiO,,
Si0,, and ZrO,, each providing unique properties that benefit the filtration process
[4]. These membranes stand out for their chemical and mechanical resistance, high
selectivity, and ability to operate in extreme temperature and pH conditions [5].
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Manufacturing techniques, such as thermal sintering, make it possible to obtain
membranes with specific porous structures, essential for the performance of the
filtration process [6].

In the context of sintering technology, the development of cold sintering pro-
cesses represents a significant innovation. These processes allow for the densification
of materials at much lower temperatures (below 300°C), which can significantly
reduce the costs and problems associated with high-temperature sintering, such as
the formation of blocking layers due to side reactions [7]. Cold sintering is based on
the dissolution of the sharp edges of the particles by a solvent and the subsequent
filling of the voids between the particles through the evaporation of the solvent and
the precipitation of the dissolved species [8]. This innovative mechanism has proven
effective in densifying a wide range of inorganic and organic-inorganic compounds,
and its application in solid electrolytes and solid-state batteries has shown promising
results [9].

To maximize the performance of ceramic membranes in water treatment, it is
essential to understand and optimize their physicochemical and structural proper-
ties. Advances in characterization techniques have made it possible to analyze the
microstructure of membranes in detail, facilitating the design of membranes with
better filtration properties [10]. In addition, surface modifications, such as function-
alization with specific chemical agents, can improve the selectivity and efficiency of
membranes for the removal of specific contaminants [11].

The environmental and economic impact of the implementation of ceramic mem-
branes in water treatment plants is an aspect to consider, while the acquisition and
infrastructure necessary for the implementation of these membranes can represent a
significant investment, maintenance, and operating costs tend to be high, which can
affect the long-term economic viability [12]. However, environmental benefits, such
as reduced pollution and improved water quality, justify continued exploration and
investment in this technology.

The research of this chapter focuses on the application of cold sintering processes
for the manufacture of ceramic membranes, to improve their electrochemical and
structural properties. It is proposed that low-temperature densification by cold sinter-
ing can improve the ionic conductivity and structural stability of membranes, which
is critical for their performance in water treatment applications [13]. In addition, the
use of additives with high solubility and ionic conductivity to improve the binding
between grain boundaries will be investigated, which could expand the applicability
of these techniques in various target materials [14].

Therefore, the development of ceramic membranes for water treatment, in com-
bination with innovative cold sintering techniques, represents a significant advance
in water purification technology. This approach not only improves pollutant removal
efficiency but also offers more sustainable and economically viable solutions to meet
global water management challenges [15].

Cold sintering is an innovative process that allows the densification of ceramic materi-
als at significantly low temperatures, using the combination of pressure and a solvent
that facilitates the dissolution and recrystallization of particles at grain boundaries. This
method is especially relevant in the context of technological development for the produc-
tion of ceramic membranes, due to its ability to reduce energy and operating costs while
minimizing the defects associated with sintering at high temperatures. The low sintering
temperature not only improves the efficiency and performance of the membranes but also
contributes to greater structural stability and ionic conductivity, which are essential for its
application in the treatment of contaminated water.
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The use of cold sintering in the manufacture of ceramic membranes represents
a significant advance in terms of technological innovation. This process offers a
sustainable and economically viable alternative to conventional sintering methods,
enabling the production of membranes with optimized characteristics for the removal
of contaminants in water. The ability of this method to operate at low temperatures
and with lower energy requirements makes it a promising option for the future of
water treatment technologies, thus promoting the adoption of more efficient and
environmentally responsible solutions in the industry.

2. Filtration mechanisms and working principles of ceramic membranes

Ceramic membranes use a porous matrix to separate contaminants from water
using physical and chemical mechanisms. According to [1, 16], these membranes
operate primarily by pore size, where fine pores allow water to pass through while
retaining larger particles and contaminants. This approach is supported by studies
that highlight the importance of controlled porosity and pore size distribution to
optimize filtration efficiency [1].

In the study of membranes, it is essential to distinguish between charged and neu-
tral membranes, as their characteristics influence the performance of the filtration
process. Distinguishing between charged and neutral membranes is essential in the
field of separation and filtration, as each type of membrane has unique characteristics
that directly affect process performance. Charged membranes, which can have posi-
tive or negative charges, interact differently with the suspended particles and solutes
in the solution. This interaction can improve the selectivity of the filtration process,
allowing for more efficient separation of contaminants, especially those with opposite
charges.

On the other hand, neutral membranes lack surface charge, which can result in
a different behavior against suspended matter and solutes. This type of membrane
tends to have a lower affinity for certain particles, which can influence the rate of
fouling (membrane clogging) and, consequently, the efficiency of the filtration
process.

In addition, the surface charge of membranes affects the phenomenon of elec-
trolysis and ion transport, which can result in variations in permeate flow and in the
quality of the final product. In summary, the choice between charged and neutral
membranes should be based on the specific needs of the filtration process, consider-
ing feed characteristics and separation goals to maximize system efficiency and
effectiveness.

The asymmetrical configuration of the membranes plays a fundamental role in the
optimization of the flow, allowing greater efficiency in the separation of solutes. In addi-
tion, flow density is directly related to the type of tangential flow applied, which can sig-
nificantly affect system performance. It is also essential to consider the characteristics of
the feed water, since its composition impacts the permeate flow and, therefore, the quality
of the final product. Finally, the surface charge properties of the membrane are decisive in
the regulation of permeate flow, as they influence the interaction with the solutes present
in the water, which can modify the efficiency of the filtration process.

These interactions become especially relevant in systems where the purity of the
permeate is sought to be maximized. For example, in wastewater treatment applica-
tions, the asymmetrical configuration can facilitate the removal of contaminants,
while proper tangential flow helps minimize fouling, thus extending the life of the
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membrane. Variability in feedwater quality, which can include different levels of
turbidity, concentration of dissolved solids, and presence of chemical compounds,
requires membranes to be designed with specific characteristics to accommodate
these conditions. Consequently, a thorough understanding of these factors allows
for the design of more efficient and sustainable filtration systems, optimizing both
performance and operating costs in the long term.

On the other hand, Avasarala and Bose [3] point out that in addition to pore size,
surface chemical interactions play an important role in the filtration process. These
interactions can include electrostatic adsorption, acid-base interactions, and hydro-
gen bonding, depending on the chemical composition of the ceramic membrane and
the contaminants present in the water [3].

From a more analytical perspective, the research of Avasarala and Bose [3] highlights
the importance of surface modification to improve the selectivity and efficiency of
ceramic membranes in water treatment applications. This modification may include
techniques such as nanoparticle coating or chemical functionalization to increase affinity
for specific contaminants. In addition, understanding the mechanisms of mass transport
within the porous matrix is critical. According to He et al. [1], porous structure of ceramic
membranes not only affects the filtration efficiency but also the mechanical strength and
long-term durability under different operating conditions.

In conclusion, while [1, 17] emphasize the importance of pore size and porous
structure in ceramic membrane filtration mechanisms, Avasarala and Bose [3] broaden
the focus by highlighting surface chemical interactions and surface modification as key
strategies to improve membrane efficiency and selectivity in water treatment.

3. Recent advances in ceramic materials for water treatment membranes

Following recent advances in the field of ceramic materials for water treatment
membranes (see Table 1), significant progress has been observed in improving the
selectivity and efficiency of these membranes. Recent research in Table 1 highlights

Aspect Chemical function Advances in engineering Significant
contributions to the
global market

Development of Advances in materials Innovations in Contributing to more

selectivity and engineering have enabled manufacturing methods effective applications in

efficiency the development of have optimized porous industrial wastewater

ceramic membranes with
significant improvements
in filtration selectivity and
efficiency [11].

structure and pore
size distribution to
improve contaminant
separation [18].

treatment and brackish
water desalination [19].

Chemical surface
functionalization

Chemical functionalization
of ceramic surfaces has been
shown to increase the ability
of membranes to separate
specific contaminants [18].

Implementation of
coatings and surface
treatments that improve
selectivity and reduce
unwanted adsorption,
increasing the durability of
membranes [11].

Improving water quality
by efficiently removing
specific contaminants and
reducing environmental
impact in water treatment
processes [19].

Source: Own elaboration.

Table 1.

Research analysis matrix on ceramic materials for water treatment membranes (2020-2024).
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that “advances in materials engineering have allowed the development of ceramic
membranes with improved filtration and durability properties” [3]. In addition, it
has been shown that “chemical functionalization of ceramic surfaces can increase
the ability of membranes to separate specific contaminants” [18]. These technologi-
cal developments have paved the way for more effective applications in industrial
wastewater treatment and brackish water desalination, thus contributing to improved
water quality and environmental sustainability [19].

This matrix provides a framework for analyzing how these investigations have
contributed from a chemical and engineering point of view, as well as their potential
impact on the global water treatment technology market.

4. Designing and optimizing ceramic membranes to improve efficiency
and durability

The methodology for cold sintering of ceramic membranes (see Figure 1) involves
the preparation of a homogeneous suspension of ceramic powders in a solvent with
soluble and conductive additives, followed by their compaction in a mold under high
pressure to form a dense green body, and finally, a low-temperature heat treatment
(<300°C) with continuous pressure to densify the material by dissolving particles and
filling gaps [15]. This process reduces energy and operating costs by eliminating the
need for high temperatures and expensive equipment, improving efficiency through
high densification and reduced defects, and minimizing environmental impact [15].

The problem to be solved is the need for efficient and economical sintering pro-
cesses to manufacture ceramic membranes for water treatment; cold sintering offers
a promising solution by facilitating the production of membranes with high ionic
conductivity and structural stability, as demonstrated in previous studies [15].

Table 2 A detailed and structured overview of the process of designing and opti-
mizing ceramic membranes using cold sintering is provided. This innovative method

N o -
rasoes ot Sa il Cold sintering
{e-g. metal) into the construction Coram I

e - ]

Construction Area 2}
It's where the piece is bullt layer
by layer using the powder
Powder Coating
Each layer of powder is applied
evenly on the work surface.

It's where the piece is bullt layer
by layer using the powder
———
Road Roller
Compact each layer of powder to.
£NsUre an éven and proper

Another consolidation method.
Used to selectively melt or
consolidate powder in each layer
depending on the design of the
b part

wWoroo
%

Consolidation Zone
Where the merger or
consolidation process occurs to
form the solid part.

" Finalized and consolidated part
Onge all the layers and
consolidations are completed, the
finished and consolidated part is.

obtained Y

Figure 1.
Methodology for the creation of cold sintering of ceramic membranes. Source: prepared by F. Colmenero, 2024.
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Aspect Description

Objective Reduce operating and energy costs, improve efficiency through high
densification, and minimize environmental impact.

Problem to solve Need for efficient and economical sintering processes to manufacture ceramic
membranes for water treatment.

Material selection and Oxides: AL O3, TiO,, Si0,, ZrO,.
preparation « Electrolitos sélidos: LLZO (Li;La;Z1;01,), LATP (Li; 3Aly ;Ti; 7(POL)3).
Innovation Expansion of technical capabilities and new possibilities in the design and

functionality of ceramic membranes [8, 20].

Applications Fundamental in high-performance electrochemical devices, solid-state batteries,
gas sensors, and chemical analysis.

Cold sintering process Suspension preparation: Dispersion of ceramic powders in solvents with additives.
» Compaction: Molded under high pressure to form a compact green body.

* -Sintering: Low-temperature heat treatment with continuous pressure to
densify the material without high temperatures.

Membrane Evaluation of microstructure, grain limits, ionic conductivity, and mechanical
characterization properties for specific applications.

Source: The table was prepared based on the vesearch and detailed analysis carried out by F. Colmenero, 2024,
regarding Refs. [15].

Table 2.
Design and optimization process of ceramic membranes by cold sintering.

not only seeks to reduce operating and energy costs by eliminating the need for high
temperatures, but also improves efficiency through high densification and minimizes
the environmental impact. The strategic selection of materials, such as oxides and
solid electrolytes of high ionic conductivity, opens up new possibilities in the design
and functionality of these membranes, which finds applications in advanced electro-
chemical devices, solid-state batteries, and precision sensors. Detailed characteriza-
tion of membranes, including microstructure, ionic conductivity, and mechanical
properties, is critical to optimizing their performance in specific applications such as
water treatment and energy storage.

This diagram in table form provides a concise and structured overview of the
process, objectives, problems to be solved, materials used, innovations, applications,
and key characteristics of the cold sintering process for ceramic membranes.

4.1 Selection and preparation of materials

For the manufacture of ceramic membranes by cold sintering, materials based
on oxides such as Al,03, TiO,, SiO,, and ZrO, will be selected. In addition, it works
with solid electrolyte materials such as LLZO (Li;La;Zr,0y,) and LATP (Li; 3Aly T4, 7
(PO4)3), known for their high ionic conductivities and possible applications in solid-
state batteries [15].

The combination of solid oxides and electrolytes not only expands the technical
capabilities of ceramic membranes, but also opens up new possibilities in terms of
design and functionality. These materials are very important in the manufacture of
advanced membranes due to their ability to facilitate ion conduction through ceramic
layers, which are critical for applications in high-performance electrochemical devices.
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In the field of energy, ceramic membranes based on these materials can be used
in solid-state batteries, promoting greater safety and energy density compared to
conventional batteries. Its high ionic conductivity allows for more efficient charging
and discharging, thus contributing to improved battery durability and cycle life. In
addition, in sensor technology, these membranes can play an important role in selec-
tive gas detection and chemical component analysis, taking advantage of their chemi-
cal stability and resistance to high temperatures. This makes them ideal candidates
for applications in environmental monitoring, medical diagnostics, and industrial
process control, where accuracy and reliability are critical.

The strategic combination of solid oxides and electrolytes opens new frontiers for
the manufacture of advanced ceramic membranes, driving significant advances in
several key technology sectors.

4.2 Cold sintering process
The cold sintering process involves the following steps:

* Preparation of the ceramic suspension: Commercial ceramic powders are
dispersed in a suitable solvent, usually water or a mixture of organic solvents,
to form a homogeneous suspension. Additives with high solubility and ionic
conductivity can be added to improve the bond between grain boundaries and
increase the density and ionic conductivity of the final material [15].

* Suspension compaction: The suspension is compacted in a mold under high
pressure (up to several hundred MPa) to form a green body with high initial
density.

* Cold sintering: The compacted green body is heat-treated at low temperature
(less than 300°C), while continuous pressure is applied. During this process,
the solvent facilitates the dissolution of the sharp edges of the particles, and
the subsequent evaporation of the solvent and precipitation of the dissolved
species fill the gaps between the particles, achieving high densification [15].

* Characterization of the membranes: To evaluate the quality and performance
of cold-sintered ceramic membranes, the following characterizations will be
carried out:

a.Microstructure and grain boundaries: Techniques such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) will be used
to study the microstructure and grain boundaries of membranes.

b.The chemistry, composition, and structure of grain boundaries will be ana-
lyzed to understand their relationship to enhanced ionic conductivity [15].

c.Ionic conductivity: Ionic conductivity shall be measured by electrochemical
impedance spectroscopy (EIS).

d.How density, grain boundary quality, and defect concentration affect the ionic
conductivity of membranes will be evaluated [15].
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e. Mechanical properties: Hardness and fracture resistance tests will be carried out
to determine the mechanical properties of the sintered membranes.

f. These properties are critical for durability and performance in water treatment
and energy storage applications [15].

5. Advanced applications of ceramic membranes in wastewater treatment

To improve the scalability of cold sintering, several key technological innovations
are required. First, it is important to maintain stable temperatures and humidity
levels within the sintering chambers to prevent defects and ensure the quality of the
material [1]. In addition, the sintering mechanisms at the atomic and microstructural
levels must be deepened to achieve high densification at low temperatures [3]. Precise
control of parameters such as pressure and sintering time is essential to prevent the
formation of defects such as blocking layers and pores [1]. Bringing cold sintering to
large-scale industrial production requires the design of suitable furnaces and feeding
systems, facing challenges of temperature uniformity and low-temperature material

handling [3].

In addition, optimization of specific formulations is necessary to enable efficient
densification without compromising desired properties [1]. Integrating cold sinter-
ing into industrial applications such as water treatment and energy storage involves
optimizing ionic conductivity and structural stability on a large scale, which demands

Problems and Explanation Applications References
variables
Pore size Pore size controls how efficiently the Tratamiento de agua [1,3]
membrane can separate particles of different potable y residual
sizes.
Pore size Pore size distribution affects the uniformity Water purification for [1]
distribution and efficiency of filtration across the industrial use

membrane.

Surface chemical Chemical interactions such as adsorption, Filtration of [3]
interactions acid-base interactions, and hydrogen bonding contaminated

can influence the membrane’s ability to retain wastewater

specific contaminants.
Surface Modifying the membrane surface with coatings  Industrial effluent [3]
modification or chemical functionalization can improve treatment

filtration selectivity and efficiency.
Mass transport Understanding how contaminants move Treatment of water [1]
mechanisms through pores and the porous matrix is critical contaminated with

to optimizing separation efficiency. heavy metals
Mechanical The strength and durability of the ceramic Seawater desalination [1]
strength and membrane under different operating
durability conditions determine its long-term service life

and performance.

Source: Prepared by F. Colmenero, 2024. Based on existing membrane studies.

Table 3.

Matrix of problems, variables, and applications in filtration mechanisms and principles of operation of ceramic
membranes in water treatment.
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innovations in design and characterization [3]. Finally, the development of certifica-
tion standards and procedures will be of vital importance to guarantee the quality and
safety of products manufactured using this method [1, 3].

The categories are analyzed, addressing various key aspects of the operation and
application of ceramic membranes in water treatment, while highlighting the impor-
tance of each identified variable and problem in enhancing membrane technology
(Table 3).

6. Challenges and future perspectives in ceramic membrane research and
development

The main challenges to the industrial scalability of cold sintering include the
design of furnaces and feeding systems suitable to ensure temperature uniformity
and efficient low-temperature material handling, as well as the precise control of
parameters such as temperature, humidity, and atmosphere using advanced monitor-
ing and control systems. In addition, the composition of materials must be optimized
to enable efficient densification at low temperatures and ensure effective integration
into applications such as water treatment and energy storage, addressing challenges
related to ionic conductivity and large-scale structural stability. Finally, the develop-
ment of certification standards and procedures will be essential to ensure the quality
and safety of products manufactured through this adapted process of [1, 3].

The main technological challenges in the implementation of cold sintering include:

* Temperature and humidity control: Maintaining stable temperatures and humid-
ity levels within sintering chambers is important to avoid defects and ensure
material quality. Temperature and humidity control systems must be accurate
and reliable.

* Densification at low temperatures: Achieving high densification of materials at
much lower temperatures than conventional sintering is a key technical chal-
lenge. This requires a deep understanding of the mechanisms of sintering at the
atomic and microstructural levels.

* Defect minimization: Low-temperature sintering must prevent the formation of
blocking layers, pores, and other defects common in high-temperature sintering.
This involves precise control of the process parameters.

* Industrial scalability: Bringing cold sintering from laboratory scale to large-scale
industrial production presents engineering challenges related to the design of
furnaces, powder feeding systems, and automated processes.

* Integration with applications: Integrating cold sintering efficiently into applica-
tions such as water treatment and energy storage requires optimizing the ionic
conductivity and structural stability of materials.

* In summary, the main technical challenges include the precise control of
processing conditions, the understanding of the fundamental mechanisms
of low-temperature sintering, and the scalability of the process for industrial
implementation.
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Cold sintering offers several significant benefits:

* Cost reduction: By operating at much lower temperatures than conventional sin-
tering, energy and operating costs are greatly reduced. In addition, cold sintering
can eliminate the need for expensive high-temperature equipment, reducing
capital investment [5].

* Improved efficiency: The ability to achieve high densification at low temperatures
can improve the ionic conductivity and structural stability of membranes, critical to
their performance in water treatment and energy storage applications [14].

* Minimization of defects: Low-temperature sintering can prevent the formation
of blocking layers and other defects associated with high-temperature sintering,
improving the overall quality of the material [8].

* Environmental sustainability: By reducing energy consumption and minimiz-
ing the generation of toxic byproducts, cold sintering is a more sustainable and
environmentally friendly technology [16].

6.1 Case studies on the successful implementation of ceramic membranes in water
treatment projects

In Europe, ceramic membranes have been successfully implemented in several
water treatment projects, focusing mainly on improving drinking water quality and
wastewater management (Figure 2).

v

Figure 2.
Successful implementation projects of ceramic membranes in water treatment projects. Source: Own elaboration.
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1. DEMOWARE project (the Netherlands):

* Description: The DEMOWARE project, carried out in the Netherlands,

focused on the implementation of ceramic membranes for advanced munici-
pal wastewater treatment. Ceramic membrane technology was used for the
efficient removal of persistent pollutants such as microplastics and emerging
pollutants.

* Results: Ceramic membranes were shown to be highly effective for contami-

nant removal, with high abrasion resistance and chemical stability, making
them suitable for long-term wastewater treatment applications [21].

2. Oslo Water Treatment Plant (Norway):

* Description: The Oslo water treatment plant implemented ceramic membranes

for drinking water treatment, standing out for its ability to provide an effec-
tive barrier against pathogens and organic contaminants. This project focused
on improving the safety of the drinking water supply through the effective
elimination of microorganisms and organic compounds.

* Results: The ceramic membranes proved to be robust and capable of
operating with high efficiency even under fluctuating water quality condi-
tions, ensuring high-quality drinking water standards in a sustainable
manner [22].

3.Espaiia

* In Spain, the application of ceramic membranes in water treatment projects
has also shown significant progress, especially in the context of improving the
sustainability and efficiency of water treatment systems.

* Wastewater treatment plant in Barcelona:

* Description: The wastewater treatment plant in Barcelona implemented
ceramic membranes for the advanced treatment of industrial effluents. These
membranes were used for water recovery and the removal of specific contami-
nants present in industrial wastewater.

* Results: Ceramic membrane technology allowed a significant reduction
in the pollutant load of treated water, complying with the strictest envi-
ronmental regulations and facilitating the safe reuse of water in industrial
processes [22].

4.LIFE REMEMBrANE project (Valencia):
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* Description: The LIFE REMEMBrANE project in Valencia focused on the
implementation of ceramic membranes for desalination and brackish water
treatment. This technology was applied to improve the energy efficiency and
sustainability of desalination processes, reducing energy consumption and
minimizing waste generation.
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* Results: The ceramic membranes developed within the framework of the LIFE
REMEMBrANE project demonstrated high selectivity and durability, providing
a cost-effective and environmentally friendly solution for the production of
desalinated water in coastal regions [23].

The implementation of ceramic membranes in water treatment projects in Europe
and Spain has shown promising results in terms of filtration efficiency, durability,
and sustainability. These case studies highlight the ability of ceramic membranes to
improve the quality of treated water, effectively manage wastewater, and promote the
reuse of water resources, thereby contributing to environmental sustainability and
water supply security.

6.2 Key references to recent research and technological advances in the field of
ceramic membranes

The LIFE REMEMBrANE project in Valencia has made a significant contribution
to several key aspects related to sustainability and energy efficiency in the treatment
of brackish water using ceramic membranes.

Below are details of how this project has positively impacted and how we could

extrapolate these benefits to cold sintering:
Contributions to the LIFE REMEMBrANE Project in Valencia:

1.Energy efficiency and sustainability:

* Impact: The use of ceramic membranes in the LIFE REMEMBrANE project
has significantly improved the energy efficiency of desalination processes.
These membranes allow for greater water recovery and a considerable
reduction in energy consumption compared to conventional desalination
methods.

* Benefits: This has led to a decrease in greenhouse gas emissions associated with
desalinated water production, thus contributing to mitigating climate change
and promoting more sustainable practices in water management.

2. Waste reduction and environmental impact:

* Impact: Developed ceramic membranes are more durable and have a longer
lifespan compared to other membrane technologies. This minimizes the gen-
eration of waste associated with frequent membrane replacement and reduces
the environmental footprint of the desalination process.

* Benefits: The reduction of solid and liquid waste contributes to the preserva-
tion of natural resources and the protection of sensitive aquatic ecosystems in
the coastal areas where these projects are implemented.

Potential application in cold sintering:

To extrapolate these benefits to the field of cold sintering, we could consider the
following points:
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1.Energy efficiency:

* Cold sintering seeks to reduce energy consumption compared to conventional
methods of sintering, such as high-temperature sintering. As in the LIFE
REMEMBrANE project, where energy efficiency was improved by using
ceramic membranes, in cold sintering advanced ceramic materials could be
explored that allow efficient densification at lower temperatures, thus reduc-
ing the overall energy consumption of the process.

2. Sustainability and waste reduction:

* Cold sintering could benefit from ceramic materials that are not only energy-
efficient but also generate less waste during the manufacturing process. This
could be achieved by developing ceramic formulations that optimize densifica-
tion and mechanical strength without requiring high temperatures or contami-
nating additives.

The LIFE REMEMBrANE project in Valencia has set an important precedent in the
use of ceramic membranes to improve sustainability and efficiency in brackish water
desalination. By extrapolating these principles to the field of cold sintering, we could
move toward more sustainable and energy-efficient ceramic material manufacturing
processes, benefiting both the environment and the manufacturing industry.

From cold sintering in Valencia, several strategies could be implemented to
improve sustainability and efficiency in water treatment, benefiting not only the
local region but also areas with severe water stress such as Guanajuato and Jalisco in
Mexico. Here are some ideas and how they might be applied:

1.Development of advanced ceramic membranes:

* Objective: To research and develop advanced ceramic membranes using cold
sintering techniques. These membranes could be applied in filtration systems
for water treatment, improving quality and reducing the pollutant load.

* Benefits: The ceramic membranes developed could offer high selectivity and
durability, reducing the need for maintenance and increasing the efficiency of
drinking water and wastewater treatment in Valencia.

2. Application in water reuse projects:

* Objective: To use the ceramic membranes developed for the reuse of treated
wastewater in agricultural, industrial, or urban applications.

* Benefits: Reduction of freshwater consumption, protection of local water
resources, and improvement in sustainable water management in Valencia.

3. Optimization of industrial processes:

* Objective: To implement cold sintering technologies for the manufacture of
ceramic components used in water treatment plants and desalination systems.
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* Benefits: Improvement in the energy efficiency of industrial processes related to
water treatment, reduction of operating costs, and minimization of environmen-
tal impacts.

According to a study by the World Resources Institute (WRI) that utilized various
climate models and socioeconomic scenarios, future water stress—a measure of competi-
tion for and depletion of surface water—was assessed and ranked in 167 countries for
the years 2020, 2030, and 2040. The study revealed that 33 countries are projected to
experience extremely high levels of water stress by 2040 (see Figure 3). Notably, Chile,
Estonia, Namibia, and Botswana may see a particularly sharp rise in water stress during
this period. As a result, businesses, agriculture, and communities in these nations could
become increasingly susceptible to water scarcity compared to current conditions.

In Latin America, and particularly in western Mexico, water stress is a growing
challenge due to multiple factors, including increased demand for water due to popu-
lation and economic growth, contamination of surface and groundwater sources,
and the effects of climate change that alter precipitation patterns. Regions such as
Guanajuato and Jalisco face chronic water shortages, which exacerbate the vulnerabil-
ity of communities to significant socioeconomic and environmental impacts. In this
context, the application of advanced ceramic membranes through technologies such
as cold sintering becomes essential. Not only do these membranes offer an efficient
and sustainable solution for the treatment of contaminated and brackish water, but
they can also contribute to improving the quality of life by ensuring access to safe and
reliable drinking water for affected populations.

Projections of Water Stress in 2020 under Business-as-Usual
Climate and Socioeconomic Scenarios, by Country
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Figure 3.
Water stress by country toward the year 2040. Source: World Resources Institute. www.awri.org.
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Water stress is measured on a scale of 1-5, where 5 means the use of 100% of the
available water.

A study by the World Resources Institute (See Figure 4) reveals that approxi-
mately one-third of the world’s population lives in countries at high risk of water
scarcity shortly, with Mexico standing out in this category. The country is at a high
level of water stress, consuming between 40 and 80% of its available water resources
annually and ranking 24th out of 164 nations assessed globally. However, detailed
analysis indicates that certain regions, especially in Northern and Central Mexico,
face extremely high-water stress, using between 80 and 100% of available water.
This situation underscores the urgency of taking preventive and strategic measures to
improve water management and mitigate associated risks, such as increasing agricul-
tural efficiency and investing in infrastructure for water treatment and reuse.

The states in Mexico most at risk of water crises include Baja California
Sur, followed closely by Guanajuato, Mexico City, Aguascalientes, the State of Mexico,
Querétaro, Hidalgo, Chihuahua, Zacatecas, Sonora, Sinaloa, Nuevo Leén, Morelos,
Jalisco, and Tamaulipas. Conversely, several states, particularly those in the Gulf
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Water stress index by WRI.
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Figure 4.
Water stress in Latin America. Source: https://cemeri.org/mapas/m-estres-hidrico-america-latina-It.
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region, are experiencing a medium to high risk of drought. These include Tabasco,
Veracruz, Tamaulipas, Tlaxcala, Yucatdn, Colima, and Puebla (Figure 5).

The application of cold sintering in west-central Mexico represents an innova-
tion to improve the quality of life by addressing challenges related to water access
and management. Through the development of advanced ceramic membranes, cold
sintering technology offers efficient and sustainable solutions for the treatment of
drinking and wastewater. According to Ref. [24], ceramic membranes manufactured
by cold sintering are highly selective and durable, capable of effectively filtering
contaminants and improving the purity of the treated water. This not only ensures
access to safe drinking water but also reduces the health risks associated with drinking
contaminated water.

In addition, the application of cold sintering in brackish water desalination proj-
ects can be especially beneficial in arid and semi-arid regions of west-central Mexico,
where access to fresh water is limited. According to Ref. [25], cold sintering allows
the development of ceramic membranes that are energy efficient and can operate at
lower temperatures, thus reducing the overall energy consumption of the desalina-
tion process. This technology not only improves the availability of drinking water but
also promotes the conservation of water resources and resilience to adverse weather
conditions.

Finally, the implementation of cold sintering not only offers advanced techno-
logical solutions but also drives economic and social development by promoting
technological autonomy and local training in the manufacture and maintenance
of ceramic membranes. According to Ref. [26], local capacity building strengthens
community infrastructure and fosters sustainable water management practices,
thereby improving the quality of life of affected populations. Cold sintering
emerges as an ultimate invention that not only addresses critical water chal-
lenges but also empowers communities to achieve more equitable and sustainable
development.
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Map of water stress in Mexico. Darker tones identify regions with greater stress. Fuente: https://mexiconewsdaily.
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Benefits for Guanajuato and Jalisco, Mexico:
1. Technology and knowledge transfer:

* Valencia could collaborate with institutions in Guanajuato and Jalisco to
transfer cold sintering technologies and knowledge in the development of
ceramic membranes. This could help establish local capacities to improve water
treatment in water-stressed areas.

2.Implementation of sustainable solutions:

* The application of cold sintering technologies in Guanajuato and Jalisco could
contribute to implementing sustainable solutions for wastewater treatment
and brackish water desalination. This could improve the availability of safe
and potable water for local communities.

3.Reducing dependence on external water resources:

* The adoption of advanced technologies such as cold sintering would allow
Guanajuato and Jalisco to reduce their dependence on external sources of
water, promoting water self-sufficiency and resilience to climate change and
water scarcity.

Cold sintering in Valencia can play a very important role in improving sustainabil-
ity and efficiency in water use, both locally and globally. By collaborating with regions
such as Guanajuato and Jalisco in Mexico, innovative solutions could be implemented
that significantly contribute to addressing the challenges of water stress and improv-
ing the quality of life of local populations.

7. Conclusions

The comprehensive examination of ceramic membranes’ filtration mechanisms
and operational principles in water treatment unveils critical variables and diverse
applications that are crucial to addressing global water challenges. Central to this
discourse is the problem matrix that highlights key factors—such as pore size and dis-
tribution, surface chemical interactions, modifications, mass transport mechanisms,
and mechanical strength—that fundamentally influence the efficiency and selectivity
of these membranes across various applications, including drinking water purifica-
tion, desalination, and the treatment of industrial effluents.

The ongoing research and development of ceramic membranes, particularly those
fabricated through the innovative cold sintering process, present both formidable
challenges and significant prospects. Notably, overcoming technological barriers such
as the precise control of temperature and humidity during manufacturing, achieving
effective densification at low temperatures, minimizing structural defects, and scal-
ing production for industrial applications is essential. Furthermore, the integration of
these membranes into advanced water treatment systems requires a concerted effort
to tailor their properties to meet specific environmental and operational demands.

Case studies from Europe, such as the DEMOWARE initiative in the
Netherlands and the LIFE REMEMBrANE project in Valencia, exemplify the
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advancements in filtration efficiency, durability, and reduced environmental
impacts achievable with ceramic membrane technologies. These projects serve
as inspiring benchmarks, particularly for regions like Guanajuato and Jalisco

in Mexico, which are grappling with severe water stress. By demonstrating the
feasibility of these technologies in real-world applications, they pave the way for
broader adoption and implementation.

The transition toward cold sintering not only signifies a promising advancement
in the sustainability and efficiency of global water treatment efforts but also embod-
ies a proactive approach to resilience against the burgeoning challenges posed by
climate change and dwindling water resources. By enabling the production of ceramic
membranes at lower, energy-efficient temperatures, cold sintering substantially
lowers energy consumption relative to traditional sintering methods. This reduction
not only decreases operational costs but also enhances the economic viability of water
treatment technologies, particularly for resource-constrained communities.

Moreover, cold sintering aligns with environmental sustainability goals by
diminishing the carbon footprint and mitigating the toxic waste generated during the
manufacturing of ceramic membranes. The utilization of materials that demand less
energy for production and yield fewer harmful by-products underscores a commit-
ment to greener practices in water management.

In terms of water quality, ceramic membranes produced through cold sinter-
ing exhibit remarkable efficiency and longevity, effectively filtering out a range
of contaminants, including microorganisms, heavy metals, and various chemical
compounds. This enhancement in water quality is crucial for reducing health risks
associated with contaminated drinking water and improving overall public health
outcomes.

Furthermore, the application of advanced ceramic membranes created via cold
sintering facilitates the safe reuse of treated wastewater for agricultural, industrial,
and urban applications. This not only conserves precious water resources but also
alleviates pressure on freshwater sources, particularly in drought-prone regions.

In conclusion, cold sintering transcends a mere technological innovation in
ceramic membrane production; it offers transformative, practical, and sustainable
solutions that can significantly enhance access to safe drinking water while simultane-
ously safeguarding the environment. This innovative approach holds the potential
to effectively tackle pressing global water challenges, thereby contributing to a more
sustainable and resilient future for communities worldwide. As we advance toward
implementing these technologies, the collaborative efforts of researchers, policymak-
ers, and industry stakeholders will be paramount in realizing the full potential of cold
sintering in addressing the water crises faced globally.

The research on the filtration mechanisms and working principles of ceramic
membranes using cold sintering not only highlights their potential as an innovative
solution for water treatment but also underlines their relevance in the context of
global challenges related to access to drinking water and environmental sustainabil-
ity. The results obtained from case studies in Europe, combined with the ability of
these membranes to operate efficiently at lower temperatures and with lower energy
consumption, strengthen the viability of their implementation in vulnerable regions,
such as Guanajuato and Jalisco in Mexico. By offering practical solutions that improve
water quality and promote the safe reuse of water resources, this research not only
contributes to water science and technology, but also directly addresses the urgent
needs of communities affected by water scarcity, pointing toward a more sustainable
and resilient future.
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Chapter12

Cold Sintering: A New Sintering
Technology for Advanced Ceramic
Materials

Chunchun Li, Guobin Zhu, Xiaowei Zhu and Siyu Xiong

Abstract

Ceramic sintering is the process of solidifying ceramic powder into a dense bulk
material through the migration of matter, which is the necessary path for the body to
transform into a high-strength, dense ceramic body. Low-temperature sintering technol-
ogy introduces electric fields, solvents, pressure, etc., to change the thermodynamic and
kinetic conditions of sintering, which has been widely studied by global scholars since
the twentieth century. Currently, there are common sintering processes such as cold
sintering, dielectric barrier discharge plasma sintering, hot isostatic pressing sintering,
flash sintering, and microwave sintering. Among them, cold sintering has gained wide-
spread attention due to its advantages of simple equipment, convenient operation, and
low sintering temperature. Copyright belongs to the author. Commercial reprint requires
authorization from the author, non-commercial reprint please indicate the source.

Keywords: ceramics, sintering, cold sintering, low-temperature sintering,
dielectric materials

1. Introduction

Ceramic materials have long played a crucial role in modern technology due to
their exceptional physical and chemical properties. From everyday porcelain to elec-
tronic components and aerospace parts in high-tech fields, the application of ceramic
materials spans a wide range, highlighting their significance. However, conventional
sintering processes often necessitate high temperatures, which not only consume
significant energy but can also adversely impact the material’s properties.

In recent years, cold sintering technology has gained significant attention within the
materials science community as an innovative method for sintering. Compared to tradi-
tional processes, this technology enables the densification of ceramic materials at lower
temperatures, resulting in a substantial reduction in energy consumption and produc-
tion costs while maintaining or even enhancing material properties (Figure 1) [1]. The
emergence of cold sintering technology not only offers new possibilities for ceramic
material production but also paves the way for advancements in materials science.

In this chapter, we initially examine the early concepts and preliminary experi-
ments of cold sintering technology, followed by a focused exploration of significant
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Figure 1.
The relative density of materials produced by the cold sintering process at low temperatures in comparison with
other sintering techniques [1].

technological breakthroughs that have emerged during its development. These
advancements have not only propelled the evolution of cold sintering technology but
also contributed to a substantial enhancement in its current level of maturity. Through
an in-depth analysis of these advancements, we can gain a better understanding of the
progressive steps taken in the advancement of cold sintering technology and evaluate
its present status within the realm of advanced ceramic materials sintering.

Additionally, this chapter introduces the physical and chemical principles underly-
ing cold sintering technology, compares the mechanisms of traditional sintering and
cold sintering, and discusses the procedural steps and operational methods involved
in cold sintering. Through these discussions, we aim to elucidate the key parameters
and influencing factors in the cold sintering process, providing readers with a com-
prehensive framework for comprehending this technology.

Finally, this chapter provides a comprehensive overview of the fundamental
advantages of cold sintering technology and its application value across diverse fields,
underscoring the criticality of ongoing research and development efforts while offer-
ing practical recommendations for both industry and academia. Through this chapter,
readers will acquire a lucid comprehension of cold sintering technology’s transforma-
tive potential as well as a foundational understanding of its pivotal role in advancing
the realm of ceramic materials.

2. The development of cold sintering

The early concepts of cold sintering technology originated from a reflection and
challenge to traditional high-temperature sintering methods, with its earliest traces
dating back to the 1980s. As concerns over energy consumption and the preservation
of material properties grew, scientists began exploring the possibility of densifying
ceramic materials at lower temperatures. Early experiments, through the introduc-
tion of specific chemical additives and solvents, successfully densified materials and
enhanced their properties at temperatures far below those of conventional sintering.
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For instance, in 1986, the Yamasaki team from Kochi University in Japan [2] was the
first to combine hydrothermal methods with uniaxial pressure, successfully sintering
ceramics at 350°C, a process they termed hydrothermal hot pressing (HHP). However,
due to complexities in equipment, limitations in product size and shape, and lower
densification, this technology did not receive widespread research attention. In 2014,
Jantunen et al. [3] successfully prepared well-densified Li,MoO,4 ceramics by moisten-
ing the powder with deionized water and pressing it at 130 MPa, followed by sinter-
ing at 120°C. In 2016, the Randall team [4, 5] from Pennsylvania State University,
inspired by natural crystallization phenomena, utilized transient solvents such as
aqueous solutions under uniaxial pressures ranging from 100 to 500 MPa and within
short durations, successfully sintering various ceramic materials like NaCl, Li,MoO,,
V,0s, and BaTiO; at temperatures ranging from room temperature to 300°C, with
densification levels exceeding 90% [6, 7]. This technique, named the Cold Sintering
Process (CSP) for the first time, has the potential to shorten sintering times and
reduce energy consumption, significantly improving sintering efficiency. Although
these preliminary experiments achieved limited success at this time, they laid the
foundation for subsequent cold sintering technologies and revealed the feasibility of
achieving material densification at lower temperatures.

Subsequently, research teams from Europe and Asia have also successfully imple-
mented low-temperature densification of over 70 ceramic materials [8-11], including
CaCO0;, Al,SiOs-NaCl, Al,05-NaCl, and Nag 5Bip sM0O,-Li,MoOy, using this cold
sintering method. As research continued, cold sintering technology made significant
progress and breakthroughs in various fields. Researchers successfully utilized cold
sintering to prepare ceramic-polymer composites, addressing the issue of co-sintering
ceramics with polymers at high temperatures, thus opening new avenues for the
development of novel composite materials. Additionally, cold sintering achieved
breakthroughs in multi-material integration, particularly in the production of solid-
state batteries, where it enabled the intimate combination of different materials,
paving the way for the production of solid-state batteries with superior performance.
Microwave dielectric materials, such as Li;MoQOy, prepared using cold sintering,
exhibited excellent microwave dielectric properties, maintaining high densification
and good microwave dielectric performance even after sintering at low temperatures.
Cold sintering technology began to be applied in industrial production, especially in
the field of power metallurgy, where its advantages in reducing energy consumption
and shortening production cycles made it highly commercially viable. In environ-
mental governance, cold sintering technology was explored for the solidification
treatment of heavy metals in fly ash, offering advantages such as volume reduction,
weight reduction, and low energy consumption, providing a new solution for fly ash
treatment.

In terms of technological breakthroughs, a significant milestone was the develop-
ment of equipment and methods capable of precisely controlling the sintering atmo-
sphere. By sintering in specific atmospheres, the porosity and grain size of materials
could be effectively controlled, resulting in high-performance ceramic materials
with specific functions. For example, sintering in a reducing atmosphere could
produce solid oxide fuel cell (SOFC) electrolyte layers with excellent electrochemical
performance [12]. On the other hand, researchers conducted in-depth studies on the
reaction steps and microscopic mechanisms of cold sintering, establishing the fun-
damental principles and densification mechanisms of cold sintering technology, and
providing a theoretical basis for further optimization and application of the technol-
ogy. Internationally, research institutions such as the University of Oulu in Finland
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and Pennsylvania State University in the United States have made significant progress
in the study of cold sintering technology, bringing new research directions to the

field of materials science. These advancements not only propelled the development of
cold sintering technology but also demonstrated its broad prospects and commercial
potential in theoretical research, material preparation, and industrial applications,
indicating that cold sintering technology is expected to play an increasingly important
role in future materials science and industrial production.

In summary, cold sintering technology has evolved from a conceptual validation
stage to a relatively mature sintering method, showing significant potential in both
laboratory settings and future industrial production. Compared to traditional sinter-
ing technologies, cold sintering offers clear advantages in energy efficiency, cost, and
material performance. Currently, this technology has been applied in various fields
such as electronics, energy, and biomedicine. For example, in the production of high-
performance ceramic substrates, solid oxide fuel cell electrolyte layers, and biocom-
patible implant materials. The development trajectory of cold sintering technology
reflects its growing maturity and expanding application scope, indicating that it will
provide more efficient, economical, and environmentally friendly solutions for the
production of advanced ceramic materials. Cold sintering technology offers a broad
new approach to the low-temperature sintering of ceramics. The following sections
will provide a detailed introduction to the densification principles and process meth-
ods of cold sintering technology.

3. The principle of cold sintering technology

Due to the relatively short history of cold sintering technology, research on its
densification mechanisms has not yet fully matured. Currently, researchers gener-
ally believe that the densification mechanisms of cold sintering mainly include two
types: one is the non-equilibrium dissolution-precipitation process caused by the
intermediate liquid phase, the other is the plastic deformation process caused by
pressure [13, 14]. Based on the theory of liquid phase sintering and microstructure
observations on a broad number of systems, a schematic illustrating the three stages
of the dissolution-precipitation process is shown in Figure 2 [4]. The first stage is the
dissolution-rearrangement process, where the intermediate liquid phase uniformly
wets the ceramic powder, forming a liquid film on the surface of the ceramic particles,
which increases the slipperiness between the ceramic particles. Under the action
of the intermediate liquid phase, the dissolution of the sharp edges of the ceramic

+Aqueous
Sol uliw.|
Pressure/
Temp

Powder Dissolution-Rearrangement Dissolution-Precipitation Sintered

Figure 2.
Schematic diagram of the densification mechanism of CSP [4].
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particles reduces the interfacial area, facilitating the rearrangement in the subsequent
sintering stage. Under appropriate pressure and temperature conditions, the liquid
phase redistributes and diffuses into the pores between the particles [4].

The second stage is the dissolution-precipitation process, which triggers a signifi-
cant chemical driving force, bringing the solid and liquid phases into equilibrium.
The intermediate liquid phase evaporates, causing the solution to reach saturation
under certain temperature and pressure conditions. Under the action of capillary
forces and external pressure, atomic clusters or particles far from high chemical
potential contact zones migrate to areas of lower chemical potential and precipitate.
This process eliminates pores by reducing the material’s surface-free energy, thereby
achieving densification of the ceramic [8, 15].

The third stage is the grain growth stage. The crystalline phase or amorphous
phase will be formed in the final sintering process. If the crystal phase is formed, the
ceramic particles will grow obviously. If there is an amorphous phase, the amorphous
phase will limit the grain boundary diffusion and migration, thereby inhibiting the
further growth of ceramic particles. In addition to the dissolution-precipitation
mechanism, plastic deformation through viscous flow or dislocation movement is
also considered one of the densification mechanisms of cold sintering, which helps to
achieve densification under high pressure [16, 17].

3.1 Comparison in the mechanism of traditional sintering and cold sintering

Traditional sintering and cold sintering are two different material densification
processes, and they have significant differences in mechanism. Ceramic materials
have a high melting point, so the sintering temperature of ceramics is higher in the
traditional sintering technology, and the sintering temperature is usually more than
1000°C [18-21]. At high temperatures, the atoms or molecules inside the material
move through a diffusion mechanism, thereby reducing porosity and increasing the
compactness of the material. Diffusion can be volume diffusion, grain boundary
diffusion, or surface diffusion. In some cases, especially in the sintering with liquid
phase participation, the plastic flow of the material can promote particle rearrange-
ment and densification. As the sintering time increases, small particles are gradually
absorbed by large particles, increasing particle size and thereby reducing pores [22].
The traditional high-temperature sintering technology has some disadvantages. It not
only consumes a lot of energy but also volatilizes unstable additives (such as Bi, Pb,
Li, Na, K, and other elements) at high sintering temperature, resulting in the imbal-
ance of stoichiometric ratio, resulting in the change of crystal structure and affecting
the performance [23, 24]. It also makes some ceramic materials and metal electrodes
co-fire, and other aspects face challenges. When different materials are co-sintered,
high temperatures will also cause unexpected chemical reactions, delamination,
cracking, and other problems in the product [25, 26].

The cold sintering technology proposed in recent years can reduce the sintering
temperature to below 400°C [7]. Using the transient solvent in the form of the liquid
phase and uniaxial pressure, the rapid densification of ceramic materials can be
achieved through the dissolution-precipitation process of ceramic particles. During
the cold sintering process, the applied pressure can activate the interface between
the particles, promote the migration of atoms or molecules, and achieve densifica-
tion even at a lower temperature [6, 27]. Compared with conventional sintering, cold
sintering usually does not involve the formation of liquid phases, so it is suitable for
materials that decompose or deteriorate at high temperatures. The cold sintering
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Figure 3.
Scheme of the cold sintering route.

technology has the characteristics of low sintering temperature and short sintering
time and has received extensive attention since its development [28].

3.2 Steps and operation methods of the cold sintering process

A standardized and unique cold sintering process has not been defined yet, espe-
cially regarding how the temperature and pressure shall be applied. Here, a descrip-
tion of the approach adopted in previous works is introduced. The solvent is added to
the ceramic powder after mixing for a few minutes to promote close contact between
the liquid and the solid. The ceramic slurry is then introduced into the mold (usu-
ally cylindrical) and pressed by a hydraulic or mechanical press. The device is also
equipped with a heating system, usually a heating sleeve wrapped around the mold,
or two heating plates placed above and below the mold. Figure 3 resumes schemati-
cally the CSP process [14, 29, 30].

3.3 Key parameters and influencing factors in the cold sintering process

The ceramic material system is huge, and the factors affecting the densification of
different material systems are different. It is generally affected by factors such as par-
ticle size, solubility of particles in the intermediate liquid phase, type of intermediate
liquid phase, temperature, and pressure. Figure 4 shows the key sintering parameters
for cold sintering to prepare different material systems [29, 31].

"

Aqueous,
Composition, pH value Nonaqueous Temperature,
Crystal structure, Pressure,
Particle size, Viscosity, Heating and cooling rates,
Particle size distribution Type, Holding time
Amount

Figure 4.
The key parameters that the cold sintering process can take for different materials [29].
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4. Material systems in cold sintering

Among the various ceramic materials prepared using CSP technology, dielectric
ceramics have been the most extensively studied, followed by semiconductors, solid-
state batteries, and thermoelectric materials. The following sections will provide a
comprehensive yet succinct overview of the current significant research progress in
these materials.

4.1 Dielectric ceramics
4.1.1 Microwave dielectric ceramics

In recent years, numerous microwave dielectric ceramic material systems have
achieved promising preparation outcomes using CSP technology, including molyb-
dates, tungstates, borates, chlorides, and fluorides, among others.

Molybdates and their composites are among the earliest and most extensively
studied materials within the realm of cold CSP. In 2014, Kahiri et al. [3] successfully
produced Li,MoO, ceramics with densities ranging from 87 to 93%. Post-heat treat-
ment led to dielectric properties characterized by a relative permittivity (¢,) ranging
from 4.6 to 5.2 and a quality factor (Q x f) of 10,200-18,500 GHz. In 2016, Guo et al.
[4] broadened the scope of research to include Na,Mo,0; and K;Mo0,0;, showcasing
the versatility of CSP across various molybdate materials. Moreover, the application
of CSP in composite materials has demonstrated effective control over the frequency-
temperature coefficient (t¢) of the composites [32].

The CSP has made significant strides in the development of tungstate and borate
ceramics. In 2019, Hong et al. [33] employed CSP to prepare HBO,-II and H;BO;
ceramics, achieving high densities of 94.5% and 97.7%, respectively, and excellent
microwave dielectric properties (HBO,-1I: &, ~ 4.21, Q x f ~ 47,500 GHz; H3;BO;:

& ~2.84, Q x f~146,000 GHz), setting a new record for Q x fvalues. In 2020, Ding
etal. [34] demonstrated an efficient method for dry pressing H;BO; ceramics at room
temperature. That same year, Hao et al. [35] investigated the impact of Na,WO, grain
size on microwave dielectric properties using CSP, resulting in high density (> 92%)
and superior dielectric performance (¢, ~ 5.8, Q x f~ 22,000 GHz). Further research
indicated that performance could be further enhanced through optimized sintering
conditions and heat treatment (¢, ~ 5.7, Q x '~ 70,000 GHz) [36]. In 2021, Chen et al.
[37] successfully prepared Na,WO,-xNij ,Cug ,Zng ¢Fe;0,4 composites with densities of
up to 87% and outstanding properties. These achievements underscore the potential
of CSP in the fabrication of tungstate and borate materials.

Beginning in 2016, CSP has also achieved notable advancements in the prepara-
tion of chloride and fluoride microwave dielectric ceramics. In 2016, Guo et al. [4]
pioneered the use of CSP to synthesize NaCl ceramics with high density, although
the performance metrics were not reported at that time. By 2017, Induja et al. [9]
showcased the microwave properties of NaCl ceramics (e, ~ 5.2, Q x f ~ 12,000 GHz)
and the performance of Al,SiOs-NaCl composites (&, ~ 4.52, Q x f ~ 22,350 GHz).

In 2018, Li et al. [38] explored the impact of varying amounts of deionized water

on the microwave properties of NaCl ceramics, finding that cold sintering under
specific pressure conditions could yield outstanding performance (e, ~ 5.55,

Q x f~ 49,600 GHz). In 2020 and 2021, Liu et al. [39, 40] significantly enhanced the
density and Q x f values of LiF ceramics through CSP and subsequent heat treatment
(up to &, ~ 845, Q x f~134,050 GHz). Madhuri et al. [41], Zhou et al. [42], and Jin
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et al. [43] also achieved comparable results with NaCa,Mg,V30;,-xNaCl, LiF-CaTiOs;,
and BaF, ceramics, respectively, underscoring the potential of CSP to improve the
performance of fluoride ceramics.

4.1.2 Ferroelectric materials

The CSP technology has shown significant potential in the field of ferroelectric
materials, successfully preparing a variety of materials including KH,PO,, NaNO,,
and BaTiO3 [5]. Studies have found that even under low-temperature and high-
pressure conditions, the performance of KH,PO, and NaNO, can match that of
conventionally sintered materials [44]. After annealing at 900°C, BaTiOj;’s perfor-
mance matches that of materials sintered at high temperatures in Figure 5 [6]. CSP
streamlines the fabrication process and improves the properties of the material, thus
paving new paths for the application of ferroelectric materials.

Ceramics prepared by Guo et al. [6] and Ma et al. [45] using cold sintering tech-
nology exhibit submicron grain sizes, high relative density, high relative permittivity,
and low dielectric losses. These ceramics also feature high breakdown strength,
energy storage density, and energy storage efficiency. In addition, specific fluxes such
as Ba(OH),/TiO, aqueous suspensions and NaOH-KOH molten hydroxides make it
possible to densify BaTiO; at even lower temperatures, achieving single-step densifi-
cation at 150°C [6].

4.1.3 Piezoelectric ceramic materials
In 2019, Huang et al. [27] demonstrated that cold sintering at 180°C followed by
heat treatment at 900°C can produce Nag sBig sTi0; piezoelectric ceramics with com-

parable performance to those made by traditional high-temperature sintering meth-
ods. Besides, Ma et al. [46] successfully employed a cold sintering-assisted sintering

Ba(OH)z,TiO2,H20 suspension . glass phase . BaTiOs precipitate glass phase

Room Temperature 700-800 °C 800-900 °C

AT

Dissolving of Suspension Water Evaporation,Glass Formation  Epitaxial grain growth & Recrystallization &

& Particles Arrangement & Particles Rearrangement Glass-to-Crystalline Transition Futher Densification
— — —
N — T
Cold Sintering Process Post Annealing Process
Figure 5.

Schematic illustration of the primary stages during cold sintering and post-annealing processes in the case of
BaTiO; nanocrystalline ceramics preparation [6].
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method to fabricate dense Ky sNag sNbO; (KNN) lead-free piezoelectric ceramics with
a density exceeding 98%. The cold sintering process, which involved the formation of
a potassium-rich second phase at grain boundaries, enhanced the ceramic’s properties
and reduced the required post-sintering temperature. Furthermore, doping with 10%
LiBiO; resulted in transparent KNN-0.1LB ceramics with 74% transparency [47], fur-
ther demonstrating the versatility of cold sintering in producing high-performance
lead-free piezoelectric and transparent ceramics.

4.2 Semiconductor materials: ZnO ceramics

The CSP has revolutionized the processing of ZnO-based semiconductor materi-
als, effectively addressing the issues of excessive grain growth and performance
degradation caused by traditional high-temperature sintering. By utilizing transient
liquid phases such as acetic acid solution, CSP achieves high densification (up to
98%) and excellent electrical conductivity at temperatures below 300°C [48], which
is significantly lower than the 1400°C required for conventional sintering. Research
has shown that additional methods such as adding deionized water [49], optimizing
sintering pressure and temperature, and post-sintering heat treatments can further
enhance the performance of ZnO materials. For instance, post-sintering treatments
can increase electrical conductivity from 0.0005 to 16.4 S cm™ [50], while doping
with aluminum oxide can optimize the performance of AZO ceramics, achieving a
densification of 99.23% and an extremely low resistivity [51]. These advancements
indicate that the cold sintering technology holds great potential for enhancing the
electrical properties and controlling the microstructure of ZnO materials, opening
new avenues for the development and application of semiconductor materials.

4.3 Solid-state battery materials

Solid-state batteries, utilizing solid electrolytes and electrodes, provide improved
safety and energy density but necessitate high-temperature sintering above 1000°C
to minimize grain boundary resistance and enhance conductivity. Excessive sintering
temperatures may result in the evaporation of volatile elements and the formation of
secondary phases, which can impair the ion transport properties of the solid electro-
lyte [12]. Additionally, prolonged sintering durations can limit the advancement of
sodium-ion solid electrolyte materials.

4.3.1 Solid electrolyte

The Seth [1] team was the first to use CSP to prepare the Li; sAly sGe; s(PO4); solid
electrolyte, achieving 80-88% densification by holding at 120°C for 20 min. However,
the amorphous phase resulting from cold sintering lowered the room-temperature
ionic conductivity. Post-heat treatment at 650°C led to recrystallization of the amor-
phous phase, increasing the ionic conductivity to 5.4 x 10~ S cm ™. By incorporating
PVDF-HFP polymer, the room-temperature ionic conductivity was further improved
t01.0 x 10* S cm™ in Figure 6 [1], demonstrating the potential of cold sintering
technology in the preparation of solid electrolytes [52].

Wang et al. [53] utilized cold sintering technology to prepare the garnet-type
Lig1Aly 3La3Zr,0y; solid electrolyte, achieving 87.7% densification of LLZO electro-
lyte at 350°C through the “dissolution-precipitation” mechanism of CSP. However,
the precipitated $-LisAlO, impurity significantly affected its conductivity to only
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Summarizes the processing conditions for achieving the conductivity at 25°C and the proposed lithium-ion
conduction mechanisms [1].

3.38 x 10”7 S cm ™. Subsequently, Seo et al. [54] prepared an LLZO-SM composite
electrolyte with conductivity up to 4 x 10™* S cm™' by doping Mg and Sr. elements,
under a sintering temperature of 120°C and a pressure of 400 MPa.

Leng et al. [11] prepared a dense Mg-doped Naj 256Mgo 128Z17 §7,51,PO1; electrolyte
material with 83% densification using 30 wt% deionized water as a transient liquid
phase in cold sintering at 140°C. After post-heat treatment at 800-1100°C, the
conductivity increased to 1.36 mS cm™, significantly higher than that of the 1000°C
sintered sample without liquid phase (0.1 mS cm™). Subsequently, Leng [55] further
increased the conductivity to 1.5 mS cm™ by adding 1.1 wt% Bi,O; to the Mg-doped
NASICON. Silva used different liquid phases such as water, acetic acid, nitric acid,
and strong base to prepare NASICON solid electrolytes via cold sintering. Studies
showed that using a strong base as the liquid phase achieved the highest densification
(95%), but the conductivity of the cold sintered samples was two orders of magnitude
lower than that of conventionally sintered samples. This was attributed to the smaller
grain size in cold sintered samples, which increased the total grain boundary resis-
tance and thus reduced the conductivity [56]. In addition, Nakaya et al. [57] success-
fully prepared CsH,PO, proton electrolyte material with 98% densification using cold
sintering technology at 200°C, achieving an ionic conductivity of 2.30 x 10™* S cm™.
Thabet et al. [58] prepared BaCe gZr(1Y(10; proton electrolyte material with 83%
densification at 180°C, which was improved to 94% densification after post-treatment
at 700°C, reaching a total conductivity of 4 x 100> Scm™.

4.3.2 Electrode material

Seo et al. [59] successfully addressed the challenge of low capacity in LiFePO,
cathodes by creating a composite material with improved density and performance. By
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mixing 80% LiFePO, with 10% conductive carbon and 10 wt% PVDF and using cold
sintering at 240°C with LiOH solution as an intermediate liquid phase, they achieved a
relative density of 89% for the LiFePO4-PTFE cathode composite material. This mate-
rial exhibited a volume capacity of 340 mAh/cm” at a charge-discharge rate of 0.03-
0.1C, surpassing the performance of other high-performance LiFePO, cathodes [60].
Furthermore, the composite material retained 87% of its initial capacity after 40 cycles
at 0.2C, indicating excellent capacity retention. V,0s, a semiconductor, acts as a cathode
in lithium-ion batteries when combined with Li* ions [61]. To enhance its conductivity
and stability, it is mixed with conductive polymers. Cold sintering technology produced
aV,0s/poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) composite material
with a densification of 90.2% and a sheet conductivity of 4.8 x 10*Scm™ [61, 62].

Seo et al. [63] fabricated a binder-free LiyTisO;, (LTO) based anode using the cold
sintering process. Initially, a composite anode was formed by tape casting with a binder,
followed by heat treatment to remove the binder. The binder-free composite was then
humidified to provide a transient liquid phase and subsequently cold sintered at 120°C
under a uniaxial pressure of 500 MPa, directly deposited on a current collector. The
resulting LTO/CNF composite anode had a density of 2.82 g/cm® (87% relative den-
sity), and its volumetric capacity density was found to be approximately 380 mAh/cm’.

4.4 Thermoelectric materials

Santos [64] conducted a comparative study on the performance differences of
thermoelectric ceramic materials Ca3;Co04Oq prepared by conventional sintering and
cold sintering. Compared to the 58% density of conventionally sintered samples, the
cold sintered samples exhibited a significant increase in density to 78.2%, along with
an electrical conductivity of 6459 S/m.

4.5 Other materials
4.5.1 Ceramic-polymer composites

The introduction of CSP has enabled the one-step sintering of ceramic-polymer
composites, providing a straightforward and effective method for the preparation
of traditionally incompatible materials [65, 66]. Notable advancements include
Guo’s successful creation of Li;MoQO,4-PTEE microwave dielectric material and
Li; sAly sGey 5(PO,)3/ (PVDF-HFP) composite electrolyte, demonstrating significant
improvements in material densification and properties [52].

4.5.2 Metastable ceramic materials

The CSP technology has shown potential in processing metastable ceramic materials,
which are prone to decomposition at high temperatures [67]. Research by Bang et al. [68]
and Yang et al. [69] has demonstrated the successful preparation of SnO and ZrW,0g
materials with high relative densities and good thermoelectric properties, highlighting
the technologys ability to control microstructure and enhance performance [70].

4.5.3 Nuclear and spent waste treatment

The CSP technology has been applied to the treatment of radioactive elements in
nuclear and spent waste, offering a new environmental treatment method. Hassan
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and colleagues have immobilized radioactive iodine in apatite and sodalite, achieving
high densification and retention rates, and low leaching rates, indicating the technol-
ogy’s effectiveness in immobilizing radioactive materials [71-74].

In addition to these materials, cold sintering technology has also been successfully
applied in the preparation of various ceramic materials, including nano-TiO, [75, 761,
CaSO0, [77], CeO;, [78], Y,05 [79], ZrO, [80, 81], and InGaZnO, [82] targets.

5. Application fields of cold sintering

Cold sintering technology has demonstrated significant potential and adaptability
in the field of ceramics. By utilizing lower temperatures and higher pressures, this
technique effectively enhances the densification process of materials, significantly
improving the efficiency of material densification and the precision of microstruc-
tural design. This method notably reduces processing time, energy consumption, and
production costs, making it particularly suitable for applications requiring precise
control over the microstructure and properties of materials [29].

To date, nearly 100 different materials have successfully been densified through
cold sintering technology, with the majority being dielectric ceramics. Consequently,
the primary application areas of cold sintering include piezoelectric media,
microwave dielectrics, semiconductors, capacitors, patch antennas, and solid-state
batteries. This technology not only provides a new method for material preparation
but also exhibits significant potential and broad application prospects in practical
applications [83-85].

5.1 Advancing research fields

As an innovative method for preparing ceramics and ceramic matrix composites,
cold sintering technology has shown its vast potential and application prospects.
The technique enables the rapid production of dense materials by applying external
pressure, under limited temperature conditions, and adding a liquid phase. Compared
to traditional sintering methods, this process significantly lowers the processing
temperature, shortens production time, simplifies chemical treatment steps, and
greatly reduces production costs. The unique aspect of cold sintering is its ability to
fabricate hybrid composites in a single step, such as embedding polymer fillers within
ceramic matrices. The primary densification mechanism is pressure-solution creep,
and the addition of a liquid phase facilitates a smoother path for powder consolidation
and atomic diffusion [28, 44]. Therefore, cold sintering technology not only enhances
material performance but also offers new solutions for the fields of materials science
and engineering.

5.2 Future application potential and challenges

In the future, cold sintering technology holds great potential, especially in the
automotive and biomedical fields. It is expected to be used for producing ceramic
composite brake pads and ceramic-polymer composites for orthopedic implants and
drug delivery systems. By reducing energy consumption and production costs, cold
sintering technology is anticipated to play a key role in promoting the development of
a green economy and providing high-performance materials for the development of
new electronic devices [29].
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6. Current challenges and future outlook
6.1 The main challenges facing

However, the promotion and application of cold sintering technology face several
challenges. First, the acquisition and maintenance costs of high-pressure equip-
ment are high, increasing the initial investment burden. Additionally, to ensure the
high quality and performance of the materials produced, strict control over process
conditions, including temperature, pressure, and time, is necessary. Moreover, the
long-term stability and material compatibility of cold sintering technology are also
issues that need to be addressed. Overcoming these challenges will help cold sintering
technology to be applied in a wider range of fields and provide innovative solutions to
the fields of materials science and engineering [86-88].

To overcome these challenges, future research should focus on the following aspects.

6.1.1 Optimiging process parameters to enhance material performance

This involves precise control over key process parameters such as temperature,
pressure, and time to further refine the cold sintering process, thereby improving the
performance and quality of materials. A thorough understanding of the relationship
between processing parameters, microstructure, and material properties is essential.

6.1.2 Exploring new applications in emerging fields

Cold sintering technology holds great potential in new areas such as the automo-
tive industry and biomedicine. For instance, the development of ceramic composite
brake pads and ceramic-polymer composites can reduce energy consumption and pro-
duction costs while providing high-performance material solutions for these sectors.

6.1.3 Contributing to the green economy

Cold sintering technology is poised to become a pivotal force in promoting the
development of a green economy. It can provide high-performance materials for the
manufacture of new electronic devices, thereby facilitating the sustainable development
of the electronics industry.

6.2 Exploring future research directions and technological advancements

The further development of cold sintering technology requires close collabora-
tion among multiple disciplines, including materials science, chemical engineering,
and mechanical engineering, to drive technological innovation and application
breakthroughs. Future research directions should focus on the following four core
themes [14, 89-91].

6.2.1 Optimiging process parameters and expanding application areas

By fine-tuning process parameters such as temperature, pressure, and time, the
efficiency and material performance of cold sintering technology can be further
enhanced. At the same time, the potential for applying cold sintering technology in
more fields, such as aerospace and automotive manufacturing, should be explored.
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6.2.2 Deepening the understanding of the cold sintering mechanism

In-depth research into the physical and chemical mechanisms of the cold sintering
process, including the mechanism of liquid-phase-assisted sintering and the impact
of pressure on material densification, is necessary to achieve more precise control and
prediction of the cold sintering process.

6.2.3 Interdisciplinary vesearch collaboration

Encouraging interdisciplinary collaboration, combining knowledge and technol-
ogy from materials science, chemical engineering, mechanical engineering, and other
fields, to jointly address current challenges faced by cold sintering technology, such as
material compatibility and process stability.

6.2.4 Cross-disciplinary integration of experimental research and applications

Combining experimental research with applications in different fields, such as
electronic ceramics, energy materials, and bioceramics, to explore the cross-applica-
tion of cold sintering technology. This can lead to the development of new composite
materials with specific functions, meeting the demand for high-performance materi-
als across various industries.

Through the in-depth exploration of these research directions, cold sintering tech-
nology is expected to achieve broader applications in the fields of materials science
and engineering, providing innovative solutions to related industries.
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Chapter 13

Thermoelectric Ceramics:
Multidimensional Renewable
Materials

Vaishali Poddar

Abstract

The scientific world has urged us to improve the sustainability of our electricity
base because now we need electricity for just about everything. The use of conven-
tional electrical energy resources to accommodate the growing electricity demand is
quite alarming. We are not only creating imbalance in nature but also increasing the
levels of greenhouse gases and polluting emissions (e.g., power generation: carbon
footprint; refrigeration: mercury, CFC, freon emission). Renewable energy sources
(based on solar energy, wind energy, hydro energy, etc.) stand in contrast to conven-
tional sources with respect to their diversity, abundance, and applicability on and
around the planet, but above all, no greenhouse gas emissions throughout their life
cycle. Fascinatingly, thermoelectric (TE) ceramic is a class of semiconducting material
with huge scope in the future as a renewable energy source. The peculiarity about
thermoelectric ceramic material is that the same material can be used for producing
power (Seebeck effect) and for removing or adding heat (Peltier effect). This chapter
highlights the peculiar characteristics of thermoelectric ceramics and their prominent
applications in the current era of energy crisis.

Keywords: thermoelectric, semiconducting ceramics, Seebeck effect, Peltier effect,
photovoltaic

1. Introduction

Today we need electricity for just about everything. To accommodate the growing
demand for electricity, the increase in the use of conventional and exhaustible elec-
trical energy resources is quite alarming. This scenario is creating imbalance in nature
by increasing the levels of greenhouse gases and polluting emissions (e.g.,power
generation: carbon footprint; refrigeration: mercury, chlorofluorocarbon (CFC), freon
emission) in our environment. And for this reason, the scientific world has urged us
now to improve the sustainability of our electricity base.

Renewable energy sources (based on solar energy, wind energy, hydro energy, etc.)
stand in contrast to the conventional sources with respect to their diversity, abundance,
and applicability on and around the planet, but above all, no greenhouse gas emissions
throughout their life cycle [1]. Fascinatingly, thermoelectric (TE) is a unique class of
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materials with huge scope in the future as a renewable energy source. The peculiarity
about thermoelectric material is that the material can be used for producing power
(Seebeck effect) as well as for removing or adding heat (Peltier effect) [2]. Of course,
depending on the output requirement, i.e., power or heat, a slight modification in the
circuit needs to be made. Therefore, thermoelectric may be used for both heating and
cooling, thereby making it highly suitable for precise temperature control applications,
e.g., thermocouple. Thermoelectricity is shown by various material families such as
tellurides, chalcogenides, clathrates, skutterudites, half-Heusler alloys, silicides, oxides,
and polymer composites [3-4]. These materials have a large range of possible options
with respect to composition and structure. Most of these materials are ceramic in nature
because of large effective masses and under certain limitations based on two criteria: (1)
bond characteristics; and (2) temperature. The bonding found in thermoelectric
ceramics is a combination of ionic and covalent types with the dominance of ionic
characteristics [5]. The operating temperature should be such that the charge carrier
concentration is low and the corresponding activation energy is in the range of less than
0.08 eV. Thermoelectric ceramic material has been recently emerging, and there are
very few reports on their performance. Thermoelectricity is also exhibited in all metals,
but to a very low extent. Metals, although they have high carrier concentration and easy
processing, promoting, thermoelectricity, but they have disadvantages such as sensitiv-
ity to impurities and oxidation, which degrade their thermoelectric behavior.

1.1 Thermodynamics of thermoelectric ceramics

According to the second law of thermodynamics, the energy input to a system is never
completely converted to usable energy output. The difference between the two consti-
tutes the unutilized heat, and it is, though in variable quantities, available in almost every
system. Thermoelectric materials, used in power generation, scavenge the unutilized heat
from the source and convert it to a usable electrical form of energy [6]. The unutilized
heat may be of high temperature, medium temperature, or low temperature grade. That
means heat is dumped, for example, from industrial processes like hot metallurgical
processing (high temperature: greater than 600°C), from exhaust gases released by the
combustion units (medium temperature: 250-600°C) or from hot surfaces of the indi-
rectly involved processing units (low temperature: less than 250°C) into the environment,
causing thermal pollution [7]. Surprisingly, around 66% of the unutilized heat in indus-
tries is available in the low-temperature range of around 66-230°C. Thermoelectric can
work as a renewable energy source in low-temperature regimes or as a supplement to
conventional energy sources in high-temperature regimes. In the medium temperature
range, thermoelectric can work in either way depending on the system or the purpose for
which it is used [8]. Therefore, thermoelectric comes under the category of sustainable
energy-efficient technology with the additional advantages of simple configuration, no
moving parts, no vibration, no noise, no pollution, and high stability [9]. However, the
challenge in using a thermoelectric system is that for a particular temperature, it should be
inclusive of all forms of heat source, be able to run continuously, have a long life, be low
cost, and be light in weight [9, 10].

1.2 Ceramic as thermoelectric generator

A ceramic is suitable as a thermoelectric generator (TEG) when the supply of
thermal energy produces many numbers of charge carriers due to the Edison effect
[11]. Also, these generated charge carriers should move from the hot end of material
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to the cold end (that is, across the thermal gradient) due to the Seebeck effect with
sufficient mobility. Under the effect of a thermal gradient, dc voltage develops across
the length of the thermoelectric ceramic and a net current flows through the circuit by
means of the charge carriers. At high temperatures, the charge carriers are moving,
vibrating, and rotating with more energy compared to those at low temperatures.
However, the transition of charge carriers from the hot end to the cold end will
undergo scattering a gazillion times due to the atoms present in their path. This
scattering is remarkable in ceramic due to its high effective mass and a cloud of
polarization with a certain spatial diameter. The ceramic structure does not have
enough space left for the movement of charge carriers without any interaction. During
transition, charge carriers interact with atoms, which results in a change in direction
of the charge carrier and/or generation of a photon or phonon. Thermoelectric
ceramic transfers the bulk of the heat from the hot end to the cold end in the form of
phonons rather than photons. However, most of the phonons are consumed in the
generation and transfer of charge carriers from the hot end to the cold end of the
thermoelectric. Thus, in thermoelectric, unlike metals, the number of phonons
reaching the cold end is as low as possible.

1.3 Thermoelectric cooler

For a thermoelectric cooler (TEC), sometimes called a Peltier cooler, the material
should respond to a low-voltage DC power input. The response is in the form of the
transfer of heat from one side of the TEC to the other and is directly dependent upon
the DC voltage. Depending on the direction of current, the side will get heated or
cooled. With a change in the polarity of current, the hot side will now get cooled down
and the cold side will get heated up. In other words, a thermoelectric cooler works as a
semiconductor-based small heat pump. Consequently, it can be used for heating or
cooling, although in practice the main application is cooling. However, there is a limit
to the flow of current through a thermoelectric cooler because this current is prone to
the generation of heat, which adds to the overall heat dissipation [2].

A change in DC voltage is reflected as a change in temperature, which can be
amplified with the use of a proper TE material pair (p-type TE to n-type TE combi-
nation) in the circuit. One such ceramic material pair for this cooling application can
be Ca3;Co404 (p-type) and Cag 95Smg osMnO; (n-type) [12]. The controlled DC input
to the thermoelectric cooler allows keeping control over the electron-hole pair com-
bination rate in TEC. This merit is highly suitable for use of TEC in precise tempera-
ture control applications like aerospace (extremely demanding conditions), imaging
technology (constant viscosity of ink), and temperature measuring units. Thermo-
electric coolers also provide refrigeration and temperature control in electronic pack-
ages and medical instruments.

1.4 The figure-of-merit

Thermoelectric ceramic materials are a member of the advanced materials family,
wherein tailoring of constituent elements, following a systematic synthesis route, and
engineering of material structure is of crucial importance. The performance of TE is
characterized by Figure-of-Merit expressed as Z with unit K~*. To make it dimen-
sionless, Figure-of-Merit, Z is normally expressed as ZT, where T is the average
temperature of hot side and cold side of the TE. The maximum efficiency of the
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energy conversion process in TEG and TEC at a given point in the TE material is
determined by its ZT value and is given in Eq. (1).

_ S%T

zZT A

ey

where S, 6, k, and T are the Seebeck coefficients, (uV K™ %), electrical conductivity
(@ 'm™Y), thermal conductivity (W m ! K1), and absolute working temperature
(K), respectively [13]. From Eq. (1), it is observed that the TE material should behave
like a glass to have low thermal conductivity (k), a metal to have high electrical
conductivity (o), and a semiconductor to have a high Seebeck coefficient (S) all at the
same time [3]. In other words, a contradictory combination of material behavior is
required in TE materials.

As shown in Figure 1, each of the performance parameters for the thermoelectric
depends on the temperature of operation, T. To increase the ZT value, the Seebeck
coefficient, S, and electrical conductivity, o, should be high and the thermal conduc-
tivity, k, should be low. Though interrelated through classical physics, due to the
contradictory requirements by each of these factors, improvement in one property
leads to a trade-off in which the other properties get lowered. For example, if the
electrical conductivity is increased by a high carrier concentration in the thermoelec-
tric material, the Seebeck coefficient and thermal conductivity are decreased. It is to
be noted that % is the total thermal conductivity inclusive of the lattice and electronic
thermal conductivity components of the TE material [9]. It can be concluded that with
the increase in temperature, both the numerator and denominator of Eq. (1) should
show an increasing trend. But there is a limit to it. Thermoelectric ceramic is also
subjected to a bipolar effect at high temperatures. This effect is predominant in doped
TEs. The number of minority charge carriers increases and competes with the major-
ity charge carriers. Now these carriers have opposite signs, and therefore they increase
the Seebeck coefficient and electrical conductivity [14]. With minority charge carrier
contribution, the Seebeck coefficient increases to a maximum and then decreases.
This inter-relation of temperature, Seebeck coefficient, and band gap has been rightly
put forth by Goldsmid-Sharp as band gap [15], as given by Eq. (2).

Eg = 2€|S|mumeax (2)

Figure 1.

Dependency schematic of Figure-of-Merit, ZT, Seebeck coefficient, S, electrical conductivity, o, thermal
conductivity, k, and absolute temperature of the performance evaluation, T of the TE material. The parameter
indicated by the head of the arrow is strongly influenced by the parameter present at the other end.
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The ZT values of 1 are considered good, but a value of 3-4 makes the TE material
compete with other mechanical devices available for the same purpose. Synthesis of
higher ZT (ZT > 1) TE material is a challenge for their proper use in refrigeration and
electrical power generation applications. For materials having similar thermal con-
ductivities, the term power factor (PF = S%6) is used to define the performance of TE
[9]. To increase the Seebeck coefficient and electrical conductivity, valence band
engineering (convergence) and conduction band engineering for TE materials are
focused, respectively.

2. Thermoelectric effect

Thermoelectric effect is the phenomenon by which a temperature difference
across a material sets up electric potential in it. It is exhibited by all metals, but TE
materials are identified as a separate class of materials. This is because they are good at
converting the temperature difference into voltage [9].

Thermoelectric effects result from the interaction of charge flow and heat flow
across the length of a TE. Thermoelectric phenomena are known more specifically as
the Seebeck effect (converting temperature to current), Peltier effect (converting
current to temperature), and Thomson effect (conductor heating/cooling). All mate-
rials exhibit thermoelectric effects, but the name ‘thermoelectric materials’ is used to
describe the materials that are good at converting heat to electricity and vice versa. It’s
interesting to note that these are all old effects, but they are making a significant
contribution to the recent green technologies.

2.1 Seebeck effect

A discussion of thermoelectric materials and devices starts with one of the most
fundamental phenomena, the Seebeck effect. In 1821, Seebeck observed that if two
dissimilar metals were joined together and the junctions were held at different tem-
peratures (T and T + AT), then a voltage difference (AV) proportional to the temper-
ature difference (AT) developed [8]. The ratio of the voltage developed to the
temperature difference (AV/AT) is related to the intrinsic property of the material
termed the Seebeck coefficient (S or a) or thermopower as described in Eq. (3). This
developed voltage is used to drive a current through the device or a load resistance

(6, 9].

AV

s="2
AT

(3)

This effect can be understood by establishing a temperature gradient across a
material. Energetic electrons flow from higher potential to a lower potential until an
electric field is established to impede further flow of electrons. The Seebeck coeffi-
cient has the units of volts per degree Kelvin and is usually expressed in pV K™ *. The
type of charge carrier determines the sign of the Seebeck: S < 0 for electrons and S > 0
for holes in a semiconductor. S is very low for metals (only a few microvolts per
degree Kelvin, e.g., Al: —0.2 pV K~ ' at 100°C) and is much higher for semiconductors
(typically a few hundred microvolts per degree Kelvin, e.g., Ge: —210 puV K™ ' at
700°C) [16].
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2.2 Peltier effect

A few years after the discovery of the Seebeck effect, Peltier observed that if an
electrical current is passed through the junction of two dissimilar metals, heat is either
absorbed or rejected at the junction, depending on the direction of the current. This
phenomenon is known as the Peltier effect. This effect is attributed to the difference
in Fermi energies of two materials. The Seebeck effect and the Peltier effect are
related to each other through thermodynamics as per the following Kelvin Law men-
tioned as Eq. (4).

I1=ST (4)

I1 is called the Peltier coefficient. The Peltier coefficient is simply the Seebeck
coefficient times the absolute temperature [2].

The rate at which Peltier heat is liberated or rejected at the junction (Qp) is given
by the following relation represented in Eq. (5).

Q, =SIT (5)

Here I is the current through the junction, and T is the temperature in degree
Kelvin. Therefore, now using a low-temperature TE device, water can be frozen with
the current in one direction and boiled with the current in the opposite direction [16].

2.3 Thomson effect

The Thomson effect was discovered in 1854 by the British physicist William Thomson
(Lord Kelvin). In the Thomson effect, heat is absorbed or produced when current flows in
a material with a temperature gradient. In many materials, the Seebeck coefficient is not
constant with temperature, and so a spatial gradient in temperature can result in a
gradient in the Seebeck coefficient (dS/dT). If a current is driven through this gradient,
then a continuous version of the Peltier effect occurs. According to Thomson, the heat
(H) is proportional to both the electric current (I) and the temperature gradient (AT),
and the proportionality constant, known as the Thomson coefficient, K, is related by
thermodynamics to the Seebeck coefficient [9]. This can be presented as Eq. (6) and (7).

H =K(I x AT) (6)
ds
K=T-" )

Though Seebeck and Peltier effects are reversible, it is rather more difficult to
demonstrate experimentally the Peltier effect than the Seebeck effect because of the
unintentional involvement of Joule heating. Thus, in practice, thermoelectric energy
conversion is mostly expressed in terms of the Seebeck coefficient rather than the
Peltier coefficient. Eq. (4) suggests that the Seebeck and Peltier coefficients are
interdependent and that, if required, the Peltier coefficient can be evaluated from it.

3. Electrical conductivity in thermoelectric ceramics

When a temperature gradient is applied across the TE material, the charge carrier
mobility is affected, as shown in Figure 2. The kinetic energy of the charge carriers at the
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lCold End

Direction of - - Movement
Current - of electrons
Hot End

= electron

Figure 2.
Electron gradient acvoss an n-type TE material because of temperature gradient.

hot end is greater than the charge carriers at the cold end. So, the number of charge
carriers diffusing from the hot end (high energy) to the cold end (low energy) is higher
compared to the charge carriers diffusing from the cold end to the hot end. This creates a
charge gradient across the TE material corresponding to the temperature gradient.

The most common methods for determining the electrical conductivity of TE
material are the Hall Effect and the four-point probe method. The Hall Effect is
measured by applying magnetic fields perpendicular to the surface of the sample and
electrical currents along the edges of the sample while measuring the voltage across
the sample. The applied magnetic field and current create a force that pushes mobile
charges to one side of the material, creating an electric field [17]. Four-probe appara-
tus is one of the standard and most widely used apparatus for the measurement of
resistivity of semiconductors. In this method, it is considered that the conductivity of
material is uniform in the area of measurement [18].

If there is a minority carrier injection into the semiconductor by the current-
carrying electrodes, most of the carriers recombine near electrodes so that their effect
on conductivity is negligible. The surface on which the probes rest is flat with no
surface leakage. The four probes used for resistivity measurement contact the material
surface at points that lie in a straight line. The diameter of the contact between
metallic probes and the semiconductor should be small compared to the distance
between the probes. The boundary between the current-carrying electrodes and the
bulk material is hemispherical and small in diameter. It is assumed that the size of the
metal tip is infinitesimal and the sample thickness is greater than the distance between
the probes; then the resistivity is determined according to Eq. (8).

\%
Po = T X 27s (8)

where V is the potential difference between the inner probes in volts, I is current
through the outer pair of probes in amperes and s is spacing between the probes in meters.

4. Thermal conductivity in thermoelectric ceramics

Thermal conductivity is the sum of electronic (k,;) and lattice (k) thermal
conductivity. In a material, the transport of heat across its length takes place through
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the movement of charge carriers (electrons and/or holes) and thermal carriers (pho-
nons). In metals and degenerate semiconductors, the transport of heat is majorly
through charge carriers, and it is well explained by Wiedeman-Franz-Lorentz Law,
k.; = LoT, which states that the electronic thermal conductivity is directly proportional
to electrical conductivity, and the constant of proportionality is the Lorentz number,
2.45x 108 W.Q-K 2. In this law, it is considered that heat and electrical transport
take place through charge carriers only [19]. However, for non-degenerate semicon-
ductors like thermoelectric ceramics, a decrease in L takes place with an increase in
temperature. This decrease in L is correlated with an increase in the value of the
Seebeck coefficient (S). Using these L values, k,; was determined with respect to
temperature for all types of thermoelectric ceramics. In practice, the electronic con-
tribution to the thermal conductivity is negligible, i.e., k,; is very small as compared to
Riae (kep < < kygy), and hence k,; is neglected [19].

The concept of lattice thermal conductivity, k., was developed earlier by Born
and Debye in 1913. Lattice thermal conductivity is contributed by the phonons with
different wavelengths [10]. It is approximated by the classical kinetic theory, which
treats phonons as gas particles, and following all the assumptions of the theory, &y, is
given as Eq. (9).

klutt = 1/3Cvlvs (9)

where C, is the specific heat at constant volume, [ is the mean free phonon path,
and v, is the average velocity of sound. At very low temperatures (below 40 K), when
lattice vibrations are negligible, Debye law is followed, which states that C, is propor-
tional to T°. Generated phonons are fewer in number and have long wavelengths.
Above this temperature, the number of generated phonons increases, and their wave-
length reduces. Also, they start interacting with each other (phonon-phonon scatter-
ing) as well as with the phase structure [20].

As the amount of heat absorbed by the TE material varies across the length
extending from hot side to cold side, the phonons generated can exhibit a wide range
of wavelengths. The defects or the particle size should match the mean free path of
these phonons so as to scatter them. This requires proper engineering of the TE
ceramic structure to ensure maximum heat-carrying phonons are utilized, which will
reduce thermal conductivity [21]. This is one of the main design characteristics to be
considered while developing the thermoelectric ceramic material of high ZT.

Ioffe et al. studied the physical problems of thermoelectricity and presented their
study on the mobility of charge carriers and factors affecting the same. The mobility
of charge carriers is limited by their scattering because of thermal vibrations and
lattice defects. If the Debye temperature is less, then the amplitude is large, which will
reduce the mobility [10].

The dependency of Z on temperature and mobility can be expressed roughly by the
relation given in Eq. (10).

Z ~- 32 (10)

latt

where Z depends on the type of impurity introduced in the system. The metallic
impurity atoms act as donors irrespective of their valency, and non-metals act as
acceptors [10].

If there is a temperature gradient in a solid body, the number of phonons moving
from the hot side to the cold side is greater than the number moving in the opposite
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direction. As a result of collisions, the phonons can drag electrons along in their own
direction of motion, and at the cold side of the specimen a negative charge will appear
(similarly a positive charge will appear at the hot side) until the potential difference
produced balances the effect of charge flow. This is the dominant phenomenon hap-
pening in the high-temperature thermoelectric ceramics, so that their electrical con-
ductivity increases at higher temperatures.

5. Thermoelectric material systems

In the early 1960s, a requirement for autonomous sources of electrical power arose
from the exploration of space, the exploitation of the Earth’s resources, and advances
in medical physics. But TEs have long been too inefficient to be cost effective in most
of the applications. A. F. Ioffe initiated wide research in thermoelectric semiconduc-
tors. Along with coworkers, he demonstrated that the thermoelectric properties in
bulk materials can be enhanced by tuning or doping techniques to vary the lattice
thermal conductivity without affecting the electrical conductivity. The first commer-
cial TE generator used an oil burning lamp as the heat source and ZnSb ceramic and
constantan as TE materials. This TE generator developed in the twentieth century
powered a radio. Similar work was carried out, and a focus was made on finding
small-band gap semiconductors made from heavy elements [10, 22].

However, a revival of interest in thermoelectric began in the mid-1990s when
theoretical predictions suggested that thermoelectric efficiency could be greatly
enhanced through nanostructure engineering, which led to experimental efforts to
demonstrate the proof-of-principle and high-efficiency materials [9]. In 1995, Slack
et al. developed a TE material based on the “phonon glass and electron crystal
(PGEC)” concept. The voids in the TE crystal structure are filled with heavy element
atoms, which act as rattlers, increasing the number of phonon scattering centers,
hence reducing the lattice thermal conductivity significantly [20]. The constituent
atoms had small differences in the electronegativity and high charge mobility. The
main characteristic of these TE materials is that they can carry the electric current as a
crystal but behave as amorphous materials with respect to the lattice thermal conduc-
tivity. Such development was verified on TE materials like skutterudites, clathrates,
ceramics, half-Heusler alloys, and B-Zn,Sb; phases.

From Figure 3, it can be seen that in the low-temperature range, TE is used as solar
TE—a renewable energy source—or it can be used along with photovoltaic (PV) to
improve the PV efficiency. Also, Peltier coolers are included in this category to carry
out refrigeration. In high-temperature applications, TE is employed for waste heat
recovery. There are many kinds of TE materials, from semiconductors to ceramics,
from oxides to organics, from bulk to superlattice, and from nanoparticles to
nanowires. Each TE material is suitable for a particular temperature range. Higher the
ZT, more is the suitability for that particular temperature. Figure 3 illustrates the
mostly preferred TE material to be used at a particular temperature. For good effi-
ciency, materials with high electrical conductivity, low thermal conductivity, and a
high Seebeck coefficient are needed. The widespread commercial integration of these
materials has been impeded for several reasons, the most crucial being the need for
materials with high ZT that also have a long life, are low cost, and are light in weight.
Some of the TE materials under study are tellurides, chalcogenides, clathrates,
skutterudites, half-Heusler alloys, silicides, oxides, polymer composites, etc. Apart
from the search for high ZT values, research on new TE materials now focuses on eco-
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ng;;est %T thermoelectric materials to be used at various temperatures for vavious applications [12, 16, 23, 24].
friendly lead and/or tellurium-free materials with good mechanical and thermal sta-
bility [25]. Among thermoelectric materials with high efficiency and lacking the non-
desired tellurium or lead, skutterudites (e.g., Bag gsLag.05Ybo.04C04Sbs;) and silicides
(e.g., Mg,Si, MnSi; 73, Feg 9Mng 0gSi;) stand out with a promising future [26]. The
research is also heading toward finding all-round user-friendly TE material with
respect to cost, material availability, and scale-up viability.

6. Synthesis of bulk thermoelectric ceramics

Various techniques for synthesis of TE bulk materials are (1) melting-casting
method (2) Rapid Solidification Process (RSP) (3) Self-propagating high-temperature
synthesis (SHS) process (4) generic powder metallurgy (PM) and Mechanical
Alloying (MA) method. TE produced by conventional ingot technology generally has
a rather coarse eutectic structure, which cannot be engaged in thermoelectricity [21].
In many cases, this first method, based on the classical melting process, does not yield
a homogeneous TE bulk product directly because of the various transformation reac-
tions (e.g., eutectic, peritectic, eutectoid, peritectoid, etc. depending on the equilib-
rium phase diagram) [27]. In the case of the SHS process, very low density is achieved,
which reduces the phase formation tendency and the electrical conductivity of the TE
material [21]. Rapid solidification followed by hot pressing is found to be an effective
way to produce fine grain structures and improve the phase transformation speed and
thermoelectricity properties. However, the fine grain sizes in these alloys grow rapidly
up to about a few pm after hot pressing and impairing the TE properties [28]. PM and
MA are found to be very good candidates for the demanding TE ceramic technology,
but a lot of work has yet to be done to get rid of problems like inhomogeneity in phase
formation, dispersion of dopants, etc. [29, 30]. To sum up, many techniques have
been employed for the synthesis of TE material, but there is no such specific route that
can lead us to the synthesis of this material on an industry level.
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7. Electrical contacts for TE circuit

Establishment of proper electrical contact is essential to improve the TE power
efficiency. The contact region is the only way to assist in the transfer of charge carriers
from the TE material across the load resistance. Discontinuity in the contact region will
reduce the TE performance [6]. The contacts used may be silver, aluminum or copper
based depending upon the cost, shape and size of TE legs, temperature of application
and the operating conditions. The interface between contact and TE material becomes
crucial because it affects the electrical properties (transport) of the TE devices. This
interface is called the junction. An ideal junction is the one where there are no defects
formed at the interface. However, in practice most of the contacts have defects at the
interface, which add to the contact resistance between the contact and the TE leg. The
contact resistance depends on the material’s surface roughness, interstitial conditions,
contact pressure, and temperature. The first three process parameters affect the contact
area, whereas the fourth parameter, i.e., temperature, has a strong influence over the
resistivity of the contact material [31]. For low-temperature TE, mostly Al is used for
connections. In the case of intricate designs, physical vapor deposition of Al is carried
out to create the connections. Cu is the preferred connector over Al in most of the
applications, e.g., Bi;Te; TE circuit. This is because of the better combination of electri-
cal and thermal conductivities of Cu than Al In high-temperature applications, Ag is
used, as in the case of p-FeSi, TE circuit [32, 33]. Here, the silver foil with 99.9% Ag was
used for circuit formation with a resistivity at room temperature of about 1.59 pQ-cm.
The thermal conductivity of Ag varies with respect to temperature following the rela-
tion, y = —2.0714x°-0.4714x + 432.4, R* = 0.9962 [33]. The hot side and the cold side of
the TE need to be completely and uniformly layered by the silver paste so as to reduce
the contact resistance. For this, conductive silver paste (particle size 10 nm) was used.
The applied surfaces were then exposed to UV light for 45 min for curing. The silver foil
of thickness 20 pm was properly cut to the size of the hot side and cold side. It was
placed over the silver paste, and a pressure of around 4 MPa was applied, and then the
TE leg was kept in the muffle furnace at 800°C for 1 h to ensure a perfect contact.

8. Physical and mathematical model for TE

Evaluation of TE ceramic circuits with respect to the electrical performances can
be made through either physical mode or mathematical mode. This study is required
to find out the usable and worthy temperature regime and the energy efficiency of a
particular TE ceramic. The discussion in this section, related to the thermoelectric
power generator (TEG) and refrigeration circuits, is generic and can be applied to any
thermoelectric systems with minor changes. It includes the Seebeck effect, the Peltier
effect, a parameterization of the Joule heat, as well as all thermal and electrical
resistances [2]. Geometry optimization and investigations of the influence of process
parameters and load resistance, which affect the output power, are also discussed. The
study is carried out stepwise in three stages: (1) TE single leg, (2) TE unicouple, and
(3) TE module, and is applied to iron disilicide TE to cite an example.

8.1 TE single leg

The first stage includes the study of a single TE leg made up of p-type material. The
p-type TE leg is connected electrically using silver film or silver wire as an element of
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TE generator (TEG) setup as shown in Figure 4(a). The two joints are held at
different temperatures to have thermal gradient [35]. A similar study is applied to the
n-type leg.

The voltages generated by p-type and n-type legs are respectively evaluated using
Eq. (3) and are given as:

AV, =S,(Ty — T¢) (11)
AV, =S8,(Ty — Tc) (12)

where AV, and AV, are voltages generated, and S, and S,, are Seebeck coefficients
of p-type and n-type leg respectively. The sign of S is positive if the emf tends to drive
an electric current from the hot side to the cold side.

The rate of heat flow through the TE leg is:

. k,A(Ty — T
g, = A=) (13)
Q= L(Tﬁ 1o (14)

where k, and k,, are thermal conductivities of p-type and n-type legs, respectively,
and A and ] are cross-sectional area and length of each leg, respectively. The internal
resistances are described as 7,y = 7, + 27, + 2rag and 7, = 7, + 27, + 2rag for p-type
and n-type circuits, respectively, as shown in Figure 4(b). They include TE resistance
rp OF 1,5 contact resistance at each side, 7, and resistance of the contact material, here
Ag, rag. In TE, the hot side and cold side are having different temperatures, and r4,
here, have to be calculated at the average temperature. The same circuit is closed in
power generation mode using a variable load resistance R, (for refrigeration mode, dc
voltage difference is applied instead of R;) as shown in Figure 4(c) and
(b)

(a) | | Qu|

HeatSource, Q,,

T

I-IeatSmk QC

Ty

O O o O

Figure 4.

Single thermoelectric leg made of p-type material under steady-state heat transfer conditions. The p-type leg is
connected electrically using a silver connector. The two joints are held at different temperatures to have thermal
gradient. A similar study can be applied to n-type leg. (a) Schematic showing physical setup of thermoelectric
genevator (TEG); (b) Thermal civcuit representation of (a) under no load condition; (c) Thermal circuit in power

generation mode [34].
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correspondingly an electric current I, flows in the circuit [36]. The current I, and I,
flowing through the p-type and n-type circuits, respectively, is given as:

AV
I, =—2o_ (15)
P iy + RL

AV,
I?'l B Vinn + RL (16)

where 7;,, and 7;,, are the internal resistances for p-type and n-type legs, respec-
tively, and all these factors are taken care of during generator circuit construction by
following proper assembly procedure as mentioned in Section 6.3.

The energy conversion efficiency, 5, of the TE leg is defined as the ratio of the
power output (used or stored) to the total heat energy input. To evaluate the
physical condition, let the circuit be divided into two halves, the upper hot side and
the lower cold side. The power output is to the cold side and is represented as P;.. The
heat input, or in other words, the power input, is to the hot side and is represented as
Qi -

Now let us determine the power output, Py, across load resistance Ry, as:
P, =I’R;. (17)
Thus, from Egs. (10), (14), and (16),

S,%(Ty — Tc)?
Py, = P(H—CZ)RL (18)
(Vinp —|—RL)

Similarly, from Egs. (11), (15), and (16),

Snz(TH - TC)Z

P, =
" (Vz'nn + RL)2

R;, (19)

where Py, and Py, are the power outputs for p-type and n-type legs, respectively.

Power output and energy conversion efficiency are the primary parameters to
characterize TE performance, and they should be as maximized as possible, and thus
the condition for the same needs to be evaluated. For this purpose, the Maximum
Power Transfer theorem is used for TE. From Figure 4(c), it can be predicted that the
maximum power output depends on the value of the load resistance. To find the
maximum power, differentiate Eq. (18) or Eq. (19) with respect to resistance R;, and
equate it to zero.

apy,  [Sy'(Ti = ToP| | (rimp +Re)” — 2Re (riy + R
dRL (Vinp + RL)4

=0—R. = Vinp (20)

The condition for maximum power output, according to the Maximum Power
Transfer theorem, is that the load resistance, Ry, should be equal to the internal
resistance, 7;,, OT 7;u,. The power and efficiency calculations are carried out consider-
ing 7;, = Ry, which is also termed the “matched condition” [37]. Applying this condi-
tion, the Egs. (18) and (19) are now become, respectively:
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Sy*(Tu — Tc)*

1)
41"1'"}7

PLP =
S, 2(Ty — Te)?

P Ln —
4Vinn

(22)

The heat absorbed at the hot side or the power input consists of the heat getting
absorbed due to flow of current (Peltier effect), rate of heat flow across the length
(Seebeck effect), and heat transport boundary condition (Joules effect). An assumption
made over here is that the convection and radiation at the overall surfaces of the legs are
negligible. Each of these factors is related to Qj,, as mentioned in Eqs. (23)-(24).

. ke A(Ty —Te) 1

QHp = SpITH + pf - Elzrinp (23)
. k,A(Ty — T 1
Quy = Sty + 2ATE TS 2y (24)

The energy conversion efficiency of the p-type and n-type TE legs is respectively
given as:

_PLP

Ny = (25)
d QHp
PLn
N, == (26)
" QHn
Rearranging the terms in Egs. (21), (23) and (25) can be rewritten as;
T,-T,
n, = 4 27)
Ty 4 Foby  Ty—Te
< 2 s; 8 >
Similarly, for n-type leg Eq. (26) can be rewritten as;
Tp—T.
My = * (28)
" (G-
2 sﬁ 8

Tin,

A
P
7~ and p,

T

""T"A are the resistivity of p-type and n-type legs, respec-
tively. Direct energy conversion relies on the physical transport properties p, k, and S
of the TE material, and their energy conversion efficiency can be written in terms of
the Figure-of-Merit, Z.

The Egs. (26-27), can be rewritten in terms of Z as;

where Py =

_ 22,(T, - T.)
=8 Z,(3T, + T.) (29)
ZZn(Th - Tc) (30)

8+ Z,(3T, + T.)

284



Thermoelectric Ceramics: Multidimensional Renewable Materials
DOI: http://dx.doi.org/10.5772 /intechopen.1007971

where Z, and Z, are Figure-of-Merit for p-type and n-type legs, respectively. It
can be seen from Egs. (29-30) that the temperature difference across the TE leg and
the TE Figure-of-Merit (Z) has a major impact on the energy conversion efficiency.
The temperature difference between the hot side and the cold side is to be kept as high
as possible to have maximum energy conversion efficiency [38]. This is strongly
influenced by the thermoelectric generator (TEG) design and thus can be controlled
by engineering the design parameters of a TEG. Figure-of-Merit, Z is the material
property and is an important consideration while classifying any material as TE.

As shown in Figure 5, the direction of the current decides which TE side will get
heated up or cooled down. If the mechanical setup of TE is made to be used for
heating, then by just changing the direction of current, the same setup can be used for
cooling. Normally, the Peltier or TE coolers are used till 200°C. The important crite-
rion to evaluate the performance of a TE cooler is the Coefficient of Performance
(COP). The COP is the ratio of heat absorbed at the cold side (Q¢) to the input power
(Q;p) of the TE leg.

Q¢
COP =— 1
Q (31)

iP

The heat dissipated by the heat sink, Qy;, is the sum of heat absorbed at the cold
side and the input power.

Qu=Qc+Qip (32)

From Eq. (1), the condition for maximum COP is that Q;p is to be kept at minimal,
i.e. minimum amount of heat to be dissipated by the heat sink. In other words, COP
depends on the operating current, I, or the temperature difference (AT = T, - T,) [2].

The current I flowing through the cold side of TE absorbs Peltier heat at a rate of
Q;p. Using Egs. (4) and (5),

Qp =11 (33)
(a) Active Cooling, Q¢ (b) Active Cooling, Q, (C] A;:ivecooﬁng,ﬁt _
VPP
VA
rAg rc
rAgn
wl 1.1 W L] !
2 W Q v v v \‘"Q v v v v v
P P Q,
QLRI ] e [CRREC]
Direct current, I & Direct current, | Direct current, I->
Figure 5.

Direct current, 1 is passing through the TE civcuit, which vesults in active cooling on one side of the TE. Thermal
circuit of TE in vefrigeration mode (a) p-type TE leg, (b) p-type TE leg, (c) TE unicouple.
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The current I flowing through the TE leg generates heat Q; due to the Joule
heating [2].

-
Q = a12 (34)

This heat generated in the bulk distributes equally to both the hot and cold sides of
the TE. Therefore, half of it will add to the heat absorbed at the cold side. The TE
material within the TE leg will also contribute to the heat flow from the hot side to the
cold side by conduction. As shown in Figure 5(a)-(b), this heat flow is given by the
thermal conduction Egs. (13)-(14) for p-type and n-type legs, respectively.

The net rate of heat absorption or the cooling rate Q,,,, at the cold side of the p-type
TE leg is given as;

Quee = Qip — % -Qp (35)

The use of TE coolers is worth it if maximum cooling is obtained on the cold side.
To determine the maximum cooling rate or the maximum heat pumping capacity,
Eq. (35) is differentiated with respect to I. By doing this, the maximum current and

the maximum cooling rate Qp’ max are obtained as given in Egs. (36) and (37).

Lnax = (1%) Ilo (36)
Qp,max = (?) <%H20 —kp(TH — Tc)) 37)

Under steady-state conditions, AT is constant and the net cooling rate at the
junction becomes zero. From Eq. (36), the maximum temperature difference achiev-
able is calculated as;

I’c
ATmax = 57 8
e (38)

From Egs. (4) and (38) it can be summarized that Figure-of-Merit, ZT can be
determined from the temperature difference.

By following Eqs. (33)-(38), similar relations can be derived for n-type TE leg and
for the TE unicouple, the thermal circuit of which is shown in Figure 5(c).

Based on the need or application, Peltier coolers come in various shapes, sizes, and
performance categories. The shape and size of the TE majorly depends on the
surface on which the TE cooler must be installed. Categorization based on the perfor-
mance of the Peltier cooler is judged on the values of QP, mas s Imax and AT,,... From
Eq. (37), it can be inferred that there is a trade-off between the heat pumping capacity
and the temperature difference. With a small AT value, a large amount of heat will be
transferred in the Peltier circuit, and the COP is the maximum at the lowest value of
AT. An increase in current increases AT, but simultaneously the Joule heat increases,
and after a threshold value, the Joule heat supersedes the absorbed heat. This is known
as thermal runaway and hence now the sole purpose of using the Peltier cooler has
vanished. To get rid of the thermal runaway, multistage or cascaded TE (discussed in
Section 7.1) cooler can be used.
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As shown in Figure 6, it can be interpreted that not all the TEs are as good as both
Peltier or TE coolers and thermoelectric generators. Some are good as Peltier coolers, and
some are good for TEG applications. But there is a class of TE materials that are good in
both types of application areas, i.e., refrigeration and power generation. To make many of
the TEs multidimensional, suitable measures need to be taken from two perspectives: (1)
Joule heat to be kept as minimum as possible; (2) no increment in lattice thermal con-
ductivity due to increasing temperature. This can be achieved by suitable use of doping,
nano structuration, band engineering and use of proper set of materials (e.g. use of oxide
dielectric layer in between the layers of TE material) [3, 7, 15].

One such example of TE leg synthesized and characterized is of Mn-doped p-type
and Co-doped n-type thermoelectric (TE) B-iron disilicide ceramics [39]. These legs
were fabricated for TEG using the powder metallurgy (PM) route. The reaction between
iron and silicon to form TE -iron disilicide is very sluggish [40], however, the PM route
increases the kinetics of this reaction [30, 41]. The effects of variation in type and
quantity of dopants (p-type dopant: Mn: stoichiometry Fe; ,Mn,Si, (x = 0.04-0.12) or
n-type dopant: Co: stoichiometry Fe;_yCo,Si, (y = 0.01-0.05)) on thermoelectric prop-
erties were studied. The stoichiometric compositions studied in this research work were
abbreviated as given in Table I to make the discussion more composed.

These prepared doped TE ceramic legs were studied for Seebeck coefficient, resis-
tivity, thermal conductivity, and Figure-of-Merit with respect to temperature as
shown in Figure 7(I)-(IV). The p-type leg and n-type leg with the highest Seebeck
coefficient were Feg 9;Mng 1,Si; and Feg 95Cog_0551,, respectively. This was due to the
intrinsic p-type nature of f-FeSi,, which had a positive impact on the Seebeck coeffi-
cient of p-type compacts compared to n-type compacts. The maximum ZT values for
Feg.9:Mng 0gSiz p-type and Feg 95Co0.055i, n-type compacts were 0.59 and 0.41,
respectively, at 1150 K. Another important conclusion is that both p-type and n-type
compacts had maximum ZT values at the same temperature, i.e., 1150 K. This

B-FeSi,

NiO:Li
AgPb, SbTe,, ..
1 Utaal P 1 Thermoelectric
O o 2% | Generator
Yb;Mny ALSDy,

PEDOT

nano n-SiGe

Figure 6.
Thermoelectric materials classification with respect to the power generation mode and refrigeration mode (Data
was referred from Ref. [1, 11, 13, 21, 26, 38]).
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p-type B-FeSi,

n-type B-FeSi,

Stoichiometry composition Abbreviation Stoichiometry composition Abbreviation
Feg.96Mnyg 04S5i, Mn0.04 Fe(.99C00.015i2 Co0.01
Feg.9oMng 0gSis Mn0.08 Fe(.98C00.02512 Co0.02
Feg gsMnyg 1,51, Mn0.12 Fe.95C00.0551 Co0.05

Table 1.

Abbreviations used for the various compositions of Mn-doped p-type and Co-doped n-type thermoelectric (TE) p-

iron disilicide legs [24].

indicates that for a TEG developed from these legs, the TE properties would be

optimal at 1150 K and that they both will perform the best at this temperature [24].

8.2 TE unicouple

A TE unicouple consists of one p-type and one n-type leg connected thermally
parallel and electrically in series, as shown in Figure 8. The p-type and n-type legs are
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Figure 7.

Temperature dependence of I. Seebeck coefficient, 11. vesistivity, III. thermal conductivity, IV. Figure-of-Merit of
doped compacts (a) Mno.o4, (b) Mno.o8, (c) Mno.12, n-type: (d) Coo.01, (e) Coo.02, (f) Coo.05 [24].
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Figure 8.

Sifg};e thermoelectric (TE) unicouple made of p-type and n-type legs and under steady-state heat transfer
conditions. The p-type TE leg is connected electrically in series to the n-type TE leg using a silver connector. The two
joints ave held at different temperatures to have thermal gradient. (a) Schematic showing physical setup of TE
unicouple; (b) Thermal circuit representation of TE unicouple in power generation mode [34].

the two dissimilar TE materials that are connected using highly conducting film, silver
here. The two joints are held at different temperatures. Assumptions here are:

1.being the same base material system, the temp distribution across p-type is same
as that in n-type and

2.response from p-type and n-type legs to the change in temperature with respect
to the physical properties is same.

The relations of Seebeck coefficient (S), thermal resistance (R), and electrical
conductance (k) for a unicouple are given in Egs. (39), (40), and (41) respectively.

§=S,-S, (39)
L L
R— =P | Pulm 4
Ay + A, (40)
kyA,  kyA,
=+ 41
k L, + (41)

The voltage generated by p-type and n-type legs is respectively given as:

AV, =S,(Tu — Tc) (42)
AV, =S,(Ty — Tc) (43)
where AV, and AV, are voltages generated, and S, and S,, are Seebeck coefficients
of p-type and n-type legs, respectively.

Thus, the voltage generated, V across TE unicouple, is determined from Egs. (42)
and (43) and is given as:
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Vr=AV, — AV, = (S, — S,)(Tu — Tc) (44)

The resulting ZT for the couple is given by Eq. (45).

Sy — S,)°T
ZT = Ob) 3 (45)
12 1/2
(Puken)™* + (/kap)
The rate of heat flow through the TE unicouple is thus:
. ky +ky)(Ty — Tc)A

where k, and k,, are thermal conductivities of p-type and n-type legs, respectively,
and A and [ are cross-sectional area and length of each leg, respectively. Consider that
the thermal conductivities of p-type and n-type legs are nearly the same, represented
as k; (k; = ky, = k,), and so the rate of heat flow now becomes:

o ZkSA(T;{ ~T¢) 47)

Now let us consider that the same circuit is closed using a variable load resistance
R; and correspondingly an electric current I flows in the circuit. The current I flowing
through the circuit is given as:

Vr

I= 48
7in + RL (48)

To evaluate the physical condition, let the circuit be divided into two halves, the
upper hot side and the lower cold side. On the hot side and cold side, the rate of heat
absorbed, Q and the rate of heat dissipated, Q¢ are determined, respectively [36], as
given in Eq. (48)-(49) as follows:

Qy = Heat getting absorbed due to flow of current (Peltier effect)+
Rate of heat flow across the length (Seebeck effect)—

Heat transport boundary condition (Joules effect)

2AM—Td)_1p,, (49)
l 2

Qc = Heat getting dissipated due to flow of current (Peltier effect)+

Rate of heat flow across the length (Seebeck effect)+

Heat transport boundary condition (Joules effect)

W, A(Ty — Te) 1

Qy = SITy +

Q¢ =SITc + ; + iﬂrm (50)
The power output, Py, is given as:
P, =Qy — Q¢ = SI(Ty — Tc) - Prn (51)

Also, now let us determine the power output, Py, across load resistance R;.
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P, =I°R; (52)
From Egs. (38), (47) and (51),

(S)*(Tu — Tc)?

P, =
(rin + RL)2

R; (53)

The power of TE is proportional to the square of the temperature difference
(AT =Ty, - T,), as given by Eq. (53). To increase the power output, the temperature
difference needs to be increased [38]. This can be done by using a suitable cooling
system. Also, from Eq. (20) and Eq. (53), maximum power output from the TE
unicouple is possible only when the applied load resistance, R, is equivalent to the
internal resistance, r;,.

Eq. (53) now becomes:

S2(Ty — T¢)?

P; =
L 41"1'”

(54)

Effective ZT determines the maximum energy conversion efficiency 7, given in
Eq. (55). The efficiency # of the TE unicouple is the ratio of power input to the load to
the net heat flow rate. Here the heat flow is from the source to the heat sink, and so the
net heat flow is positive.

P, T, -T. 1+ (2T) -1

n=——=
Qu Th 1+ ZT)+%

The term (1 + ZT) 2 varies with the average temperature T. The important point
that is concluded from efficiency # calculation is that # depends on two dimensionless
quantities (T,/T,) and ZT [42]. Eq. (55) indicates that increasing efficiency requires
both high ZT values and a large temperature gradient across the thermoelectric mate-
rials. A large temperature gradient can be established when the thermal conductivity
is low. High thermal conductivity shorts the thermal circuit. The high Seebeck coeffi-
cient ensures a large potential/thermo voltage, the high electrical conductivity is
needed to minimize the Joule heating effect, and the low thermal conductivity is
needed to create a large temperature gradient [43].

(55)

8.3 TEG module

A TEG is made up of many legs of p-type and n-type TE materials that are
connected electrically in series but thermally in parallel, as shown in Figure 9(a)-(b).
However, their Carnot overall efficiency is very poor, typically in the range of 5%,
which is very low compared to other renewable energy sources like solar energy and
wind energy [23]. To obtain optimum performance, it is important to take care of
several design features when making the module to be used in an application [44].
The TEG module consists of unicouples connected in a circuit as shown in Figure 10.
They can be fabricated such that a pair or an unicouple is manufactured with the same
set of process parameters as one unit (as shown in Figure 10(a)) or individual p-type
and n-type legs are manufactured and later assembled on the TEG ceramic board
using metal contacts (as shown in Figure 10(b)) [6]. In both cases, p-type and n-type
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(a) y ' '4— Heating Element (Heat Source)
<+—— Alumina Plate

n-type TE leg

p-type TE leg

Ag connector
Alumina Plate

Cooling Element (Heat sink)

(b)

Figure 9.
Schematic of a thermoelectric generator module: (a) Various parts of the TE assembly; (b) Appearance of the
complete TE assembly [34].

TE regions of the unicouple or legs are electrically in series and thermally in
parallel [16].

The design process of a TEG module involves energy balance calculations across
the heat source, across the thermoelectric elements, and importantly, systematic
analysis of the circuit (e.g., contact resistances, radiation effects, etc.) to improve
output power values. These calculations certify the usefulness and importance of a
dissipated thermal energy converter in the consumer market [45].

The energy balance can be expressed as:

Qeource = Qlegs + Qs (56)
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(a) Coldend — =

Direction of
Current

) Coldend [—— ——
-l
Direction of
Current
Hot end
® hole
- electron
Figure 10.

Thermoelectric unicouple types: (a) p-type and n-type TE legs in physical contact; (b) p-type and n-type TE legs
not in physical contact but ave electrically in series via metal contact [6].

where, Q. heat absorbed from the heat source; Qy,: heat transferred through
TE legs; and Qy,s:: heat losses due to radiations from the heat source and heat sink, due
to convection.

When properly installed, the thermoelectric device can run for thousands of hours
with consistency. For competent installation, however, attention must be given to the
mechanical details along with thermoelectric performance. Some important design
features that need special consideration are [46]:

1. Compressive loading: The sample must be assembled in the circuit using
compressive loading so that proper electrical connections can be established and
the contact resistance can be minimized. It has been observed that 1.4 MPa
pressure is enough to have proper electrical contact. Also, the p-type and n-type TE
samples need to have the same height to ease the circuit formation process. The
decision of compressive load depends on the thermal expansion coefficient of the p-
type and n-type TE samples and the connectors. If it is different for each TE device
part, then a spring of suitable tension must be used to accommodate the
dissimilarity.

2.Heat source overhang: Since the heat source will cool near its edges, the edge of the
heat source should extend well beyond the edge of the module. In a laboratory test
setup, an overhang of at least 0.5 inch is necessary to avoid most of the cooling
effects caused by the proximity of the edge of the heat source.

3.Heat distribution: To avoid nonuniform temperature distribution or formation of
hot spots or cold spots at the heat source, it is helpful to place a high thermal
conductivity plate like Al for low-temperature heating and SiC for high-
temperature applications. This plate is to be placed between the heat source and
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TE device. Similarly, uniform temperature distribution is required in the heat
sink, which can be achieved by using Al or Cu plate as a thermal spreader.

4. Area of contact: The power output is in DC form, and so area of contact is very
important. The % area of contact of the conductor to the sample should be
tending to 100% to have maximum power output.

5.The interface between the TE sample and the heat source and the interface
between the sample and the heat sink are very critical components of any TE
device. The surface of the device consists of the electrical conductors that
join the n-type and p-type samples of the TE device. It is essential that these
conductors are not electrically shorted together. Since most of the heat sources and
heat sinks are electrically conducting, an insulating material must be placed at the
interface.

Voltage detection is a very important aspect while determining TE module effi-
ciency. This voltage detection is very sensitive to factors such as degree of homogeneity
in the samples, position of the voltage probes, position of the thermocouples, method of
contacting the sample, and precision in sample dimension determination [47].

The maximum power output, W,,,, for TEG module is determined with the
condition 7;, = Ry, and is given as:

Winax = AT x ? x 65’ (57)
where 7 is the number of legs connected electrically in series.

Eq. (57) expresses the dependency of power output on temperature difference
(first term), TE leg dimensions (second term), and the type of TE material (third term
or the power factor) [48].

The thermal resistance 6, between the heat source and the TE module is given by
Eq. (58). The thermal resistance ¢, between the TE module and heat sink is given by
Eq. (59). The thermal resistance of the TE module can be expressed as in Eq. (60). T;
and T, are the heat source temperature and ambient temperature, respectively, as
shown in Figure 10.

Ti-Ty

6, = (58)
" Qh,net
T,—T
0 =——-" (59)
Qc,net
0 ! (60)
TEM = 77 N
2 (kp + )

Qp ner is the heat absorbed from the heat source by the TEG module, and Q.. ,,,, is the
heat released from the cold side of the TEG module. Each unicouple is made of one p leg
and one n leg, and m represents the number of couples present in the TE module. Using
Newton’s law of heat transfer, Qj, ,,r and Q. ,,. are determined (Egs. (61) and (62)).

T, —T.
mOTEM

Qhpee =M (sm, + — 0.512%) (61)
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T, — T,
Qupes =m <SITC + W’Z — o.sﬂn,,) (62)

The electrical resistivity, p,, and voltage generated, Vr, by the TEG are given by
Eq. (63) and Eq. (64) respectively.

,_ dmp,
T A
Vr=m (S, —S)(Th — T.) (64)

(63)

The power of TE is proportional to the square of the temperature difference
(AT = T}, - T,), as given by Eq. (7). To increase the power output, this temperature
difference can be increased by using thermal cascade or multistage TE. Depending on
the design characteristics and TE material properties, two or more TEs are placed one
above the other to form a thermal cascade and increase the AT. In such cases, the
equivalent temperature difference, AT, is considered as given in Eq. (65).

AT, = \/ AT + AT* + AT + ... (65)

where ATy, AT,, AT;, ...are the temperature differences across the cascade TE
layers TE layer 1, TE layer 2, TE layer 3, ... respectively.

The TEG module was designed from p-type and n-type legs of p-FeSi,, as shown in
Figure 11(a). The electrical analogy for the TEG module is shown in Figure 11(b). On
both the top and bottom surfaces of the TEG circuit, the SiC plate, alumina plate, and
silver foil are represented as capacitors with their respective resistances. Across the
TEG circuit, T), and T, temperatures are maintained, which results in charge flow. The
electrical circuit with gray background summarizes the circuit to determine the
Seebeck coefficient. The actual laboratory-scale working model of the TEG is shown
in Figure 11(c). Around 29 samples, 15 p-type and 14 n-type, were arranged alter-
nately on a glass wool brick. Insight is the image of a red LED got lightened up by the
power provided by the TEG module in the temperature range of around 650-870 K.
To determine the voltage and hence power generation from the TEG module with
respect to temperature, the red LED was replaced with a Keithley 8%2-digit multimeter
and the experiment was repeated [34].

The reported lifetime for TEG modules is 11-30 years, but the lifetime can be
reduced if the modules are exposed to repeated hot side temperature changes.
Repeated heating—cooling cycles may cause material deterioration of a TEG, so it is
preferable to use TEGs in continuous heat flows [8].

9. Thermoelectric material applications in renewable

Photovoltaic-Thermoelectric Generator (PV-TE) is one of the emerging applica-
tions of TE in renewable energy resources. From last few decades, the usage of
photovoltaic (PV) cells for electricity generation increased appreciably owing to its
environmental sustainability, availability, and applicability. However, in the PV, most
of the solar energy gets dissipated in the form of heat into the PV system. This waste
heat causes an increase in temperature of the PV cell and degrades its efficiency and
performance. In the current context, efforts are made to improve efficiency by
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@) Glass Body
—1— To vacuum

Thermocouples
connected to

temperature controller

Support

Thermoelectric module

Heat

Figure 11.
TEG module (a) schematic representation of the TEG module, (b) electrical analogy of the TEG module, (c)
working model of the TEG module [6].

utilizing this dissipated heat. One of the ways is to use low temperature thermoelectric
(TE), based on the Seebeck effect, along with the PV cell. The overall efficiency with
respect to temperature of hybrid Photovoltaic-Thermoelectric (PV-TE) is 0.6-1.91%
more than PV alone [49].
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Both PV and TE systems depend strongly on temperature, and thus, to reduce the
temperature and improve the performance of the PV-TE hybrid system, an effective
and affordable direct evaporative cooling (EC) system was used in this study. The
mathematical model studied for performance evaluation was based on cascaded
hybrid Photovoltaic-Thermoelectric-Direct Evaporative Cooling System (PV-TE-EC)
combinations, i.e., PV-EC (without TE), PV-TE-EC, PV-2TE-EC (two cascaded layers
of TE sandwiched between PV and EC), and PV-3TE-EC (three cascaded layers of TE
sandwiched between PV and EC as shown in Figure 12) systems. The TE module
placed adjacent to the lower surface of the PV is fabricated from p-type and n-type
bismuth telluride ((ZT) ~1). Various hybrid systems made of PV and TE assisted or
not assisted with EC are studied, e.g., PV, PV-TE, PV-EC, PV-TE-EC, PV-2TE-EC,
and PV-3TE-EC. These hybrid systems used PV, TE, and EC in parallel
arrangements [49].

The individual and overall power output contributions from PV and TE in the
hybrid systems with respect to the concentration ratio are summarized in Figure 13.
As the concentration ratio increased, the overall power output of all the hybrid
systems increased. An increase in solar concentration ratio increases the overall tem-
perature of the hybrid systems. In addition, the temperature rise augments the evap-
orative cooling effect from EC and results in a higher equivalent temperature
difference across TEs. This reduces the power output from PVs but increases the
power output from TEs. This leads to an increase in the overall efficiency of PV-TE-
EC, PV-2TE-EC, and PV-3TE-EC in the ascending order.

Another emerging application of TE in renewable energy solutions is Solar Ther-
moelectric Generator (STEG). STEG can be used to generate electricity from tapped
solar energy, and therefore they are an attractive renewable energy solution for
standalone power conversion [50]. In addition, STEG has been used in power gener-
ation for health monitoring systems, wireless sensors, space applications, and several
other low power applications [51]. In this, solar concentrators are placed over the heat
source to conduct the thermal energy to TE and to perform energy conversion analysis

Incident Sunlight

Optical Concentrator
System
e

Figure 12.
Schematic vepresentation of the structuval diagram of the PV-3TE-EC system [49].
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Power output from the hybrid systems with respect to solar concentration ratios [49].

of the TE at various solar concentration ratios. The energy conversion efficiency was
found to be around 15% and 23% for TE material with ZT' 1 and 2, respectively. A
modification to the setup of STEG was also tried in which the solar energy was
concentrated on three-layered TE (first layer: Bismuth telluride, second layer: Lead
telluride, third layer: silicon) using metamaterial. The Finned heat sink was used to
increase the efficiency of conversion of solar energy to electricity to around 24%.
However, the consideration over here was that all the energy falling on the
metamaterial layer is reaching the TE top surface [2].

10. Conclusions

Thermoelectric ceramic material is a need of the future as it provides a means for
harvesting waste heat energy and is also a clean form of energy. Many techniques have
been employed for the synthesis of TE, a potential candidate for scavenging energy,
but for many of the varieties of TEs, there is no such specific route that can lead us to
the synthesis of this material on an industry level. Also, a unicouple or TEG or TEC
needs to be formed of p-type and n-type thermoelectric material to achieve a higher
value of Figure-of-Merit, Z.

Some TE materials contain toxic elements or less abundant elements, which nar-
row down their scope of application [52]. An ideal TE material should be a phonon
glass and an electron crystal, which means that the materials should have a low lattice
thermal conductivity just like glass and a high electrical conductivity just like in a
crystal and at the same time should be environmentally friendly. Many types of TE
have attracted attention in the last few years because of their technological potential in
the fields of optoelectronics, light emitting diodes (LEDs), medical, aerospace, and
defense applications due to the thermoelectric conversion properties, chemical
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stability, non-toxicity, and relatively low cost of production. There is a huge scope to

do research in the choice of the element and its quantity that need to be added to get
high ZT thermoelectric material.
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Chapter 14

Clay-Based Ceramic Membranes

Khedidja Makhloufi, Issa Samb and Fayeda Srarfi

Abstract

Faced with water shortages and the need to recycle wastewater, ceramic membranes
stand out as an efficient, environmentally friendly solution for filtration. Although
their manufacturing cost is relatively high, the use of clay, an abundant and inexpensive
material, reduces these costs. This chapter examines the importance of flat clay-based
ceramic membranes, highlighting their durability and cost-effectiveness. The chapter
covers membrane-manufacturing steps, including raw material conditioning, powder
preparation, shaping, and heat treatment or sintering. It highlights the incorporation
of pore-forming agents to improve membrane porosity and permeability. All in all, the
use of clay makes it possible to manufacture cost-effective, high-performance ceramic
membranes tailored to today’s water treatment needs.

Keywords: ceramic membrane, clay, filtration, pore-forming agent, sintering

1. Introduction

Over the last century, water consumption has increased at more than twice the rate
of human population growth, making water scarcity one of the most pressing chal-
lenges facing humanity [1]. The problems associated with water scarcity and climate
change make wastewater treatment essential to guarantee sufficient, high-quality
water resources. Among treatment processes, membrane filtration has proven to be
one of the most effective methods of water purification. This process, based on the
passage of a liquid through a porous structure under the action of various driving
forces (thermal, osmotic, electrical, or pressure), is widely used in the treatment of
industrial effluents and wastewater [2].

Membranes can be classified into two broad categories: organic and inorganic.
Organic membranes, mainly made of polymers, dominate the market due to their
relatively low production costs [3]. Although they cover a wide range of membrane
processes, they have significant limitations, such as low resistance to temperature and
corrosion and limited service life [4]. These drawbacks restrict their use under severe
conditions.

On the other hand, inorganic membranes, notably ceramic membranes made
from metal oxides such as alumina, titanium, and zirconia, offer better thermal and
mechanical resistance, as well as long service life [5]. These membranes, particularly
those made from alumina [6-8], are among the most commonly used ones. However,
their production costs are high, mainly due to the high sintering temperatures
required (in excess of 1500°C) to achieve good mechanical strength and porosity [9].
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In recent years, the use of low-cost raw materials as precursors for ceramic mem-
branes has attracted increasing attention. One promising solution for reducing the
production costs of ceramic membranes lies in the use of abundant, low-cost materials
such as clay [10]. Clay is a natural sedimentary rock composed mainly of phyllosilicate
minerals rich in silica and alumina. It is characterized by its plasticity when mixed
with water and its ability to harden when heated [11]. Clay, available in various forms
such as kaolin, fire clay, bending clay, and bentonite, offers significant economic
advantages. In addition, clays can be molded into various shapes and are durable [12].

Membrane technology has long been considered one of the most efficient methods
for industrial effluent filtration and wastewater treatment [13]. Ceramic membranes
have been widely used in a variety of fields, including food and beverage, biotechnol-
ogy, chemistry, and waste recovery [9, 14-16]. They can be regenerated for multiple
use cycles and are particularly effective for separations of aqueous and non-aqueous
solutions, including in the petrochemical sector where organic membranes cannot
be used [17]. Numerous ceramic membranes are already available on the market for
industrial separation applications [18].

This chapter will focus on flat clay-based ceramic membranes, highlighting their
growing importance in today’s context of sustainable water resource management.
We will examine the advantages and challenges associated with their manufacture
and use and detail the processes involved in manufacturing and characterizing these
membranes.

2. Ceramic membrane manufacture

The manufacture of ceramic membranes is based on proven technologies from the
ceramics industry, which are organized into several essential steps as recommended
by Fantozzi et al. [19].

2.1 Raw material conditioning

The process begins with the conditioning of raw materials, where the necessary
components are meticulously prepared and measured to ensure optimum quality
and homogeneity of the materials used in membrane preparation. This initial stage
is of paramount importance, as it includes the rigorous selection of clays, renowned
for their abundance and suitability for the economical manufacture of ceramic
membranes. These choices are guided by their physicochemical properties, such as
plasticity and drying behavior, which are essential for obtaining robust, efficient
membranes.

2.2 Material preparation

Membrane performance is closely linked to the materials of which they are made.
Membrane composition directly influences characteristics such as rejection rate
(selectivity), clogging tendency, mechanical strength, and reactivity [20]. To meet
the growing demand for cost-effective ceramic membranes, several researchers have
turned their attention to the use of abundant natural clays such as kaolinitic clay,
kaolinitic clay, smectic clay, and Moroccan pozzolan clay [16, 21-24]. These materials
offer a promising alternative due to their abundance in nature and properties suitable
for the manufacture of efficient, cost-effective ceramic membranes.
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2.3 Clay

Clays occupy a prominent place among the minerals mostly present on the earth’s
surface, reaching around 16%, as reported by Al-Ani and Sarapdd, [25]. Due to their
physicochemical properties, clays possess a wide variety of uses [26-28]. In particular,
the plasticity of clays, their behavior during drying, and the mechanical strength of
products after drying are also of great importance [29].

All these clays have different compositions due to different geological conditions
[2], for example, a Chinese kaolinite clay will not have the same composition asa
Tunisian kaolinite clay. Clay is considered one of the most widely used industrial
minerals, with increasing demand in a wide range of industrial applications, such
as ceramics, paints, rubbers, plastics, and refractory industries [30, 31]. Clay is the
preferred raw material for the manufacture of porous ceramics [10].

2.4 Agent porogéne

A porogeéne can be added to the ceramic powder to increase the porosity of the
final material, thus improving membrane permeability [32]. Porosity, defined as the
volume of voids within a porous substance [33], is essential for filtration applica-
tions. Obada et al. [34] reported that the porosity of ceramic membranes increased in
proportion to the percentage of the pore-forming agent added.

Many materials can be used as pore formers, such as potato starch [35], sago starch
[36], rice bran [37], sawdust [38], phosphate washing sludge [24, 39], cattle bone ash [40],
rice husk waste [41], coconut shells and eggshells [42], sugarcane bagasse [43], and banana
peel powder [44]. Pure substances such as urea can also be used as pore formers [45].

However, increasing the percentage of the porogen agent leads to a decrease in the
mechanical strength of the ceramic membrane and an increase in shrinkage behavior
[46]. Higher porosity, resulting from an increased percentage of porogéne, makes the
membrane less mechanically robust, and the sample size decreases considerably.

The porogene also has a significant impact on the sintering process. A notable
phenomenon can occur due to the combustion of this porous material and the loss
of moisture during sintering. As the percentage of the pore-forming agent used
increases, so does membrane shrinkage. For zero percent pore-forming agent, shrink-
age is mainly due to moisture loss [46]. At the same time, the density of the mem-
brane decreases as the pore content increases. This decrease in density is caused by the
removal of the pore-forming agent, leading to the formation of pores in the material’s
structure, which affects its physical properties.

2.5 Manufacturing

There are a number of different processes for manufacturing ceramic membranes,
among which dry pressing stands out as an efficient and environmentally friendly
method. Unlike wet methods, dry pressing does not require the use of water, making
it environmentally friendly. In addition, uniaxial pressing specifically densifies the
membrane structure by compressing the ceramic powder in a mold under uniaxial
pressure. This increased compression promotes close contact between particles,
reducing porosity and facilitating the formation of intermolecular bonds and solid
bridges between grains [47, 48].

The uniaxial pressing process involves several key steps: first, the ceramic powder
is carefully distributed and compacted in the mold, determining the final thickness
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of the membrane. Next, uniaxial pressure is applied for a set time, consolidating the
particles and improving the cohesion of the structure. After this compression phase,
decompression is performed by slowly withdrawing the plunger from the mold,
allowing the elastic energy of the powder to recover. However, this process can some-
times lead to defects such as pellet cleavage, a problem that can be mitigated by the
judicious addition of plasticizers to improve flexibility and resistance to deformation.

In comparison, isostatic pressing uses uniform hydrostatic pressure applied
equally to all surfaces of the mold filled with ceramic powder. This process is pre-
ferred for achieving uniform, controlled densification of the membranes, ensuring
homogeneous distribution of physical properties throughout the structure.

In short, the choice between uniaxial and isostatic pressing depends on the spe-
cific density, porosity, and mechanical strength requirements of ceramic membranes.
These techniques play a crucial role in the economical and efficient manufacture of
clay-based membranes, meeting the growing needs of water treatment and other
industrial applications.

2.6 Thermal treatment or sintering

Before a ceramic membrane achieves its final properties, it must undergo the dry-
ing and sintering stages essential for its consolidation and functionality.

2.6.1 Drying

Drying of ceramic membranes is generally characterized by measuring mass loss as
a function of time but can also be expressed as a function of humidity [49]. In general,
drying corresponds to the removal of solvent from the membranes [19, 49, 50]. This
step is crucial to avoid crack formation during sintering, as proper drying ensures that
the membrane is prepared for the high temperatures of the sintering process.

2.6.2 Sintering

Sintering is the final stage in the production of ceramic membranes. This process
transforms a solvent-bonded powder mass into a dense, coherent part, under the
effect of heat treatment while remaining below the melting temperature of the main
constituent [49, 50]. The smaller the particle size of the powders, the faster the sinter-
ing process, as the contact points between individual particles fuse more easily when
the temperature reaches a sufficiently high level. This leads to a transformation from
solid-vapor to solid-solid interfaces [50].

The two main mechanisms during sintering are densification and granular
growth/coalescence [19]. A typical sintering thermal program consists of several
temperature steps. The first stage corresponds to the desorption of physisorbed water.
This step is essential to prevent the formation of fissures during sintering, requiring
the ceramic membrane to be dried at a temperature of between 100 and 110°C before
the temperature is increased [51]. The second stage is designed to remove organic
additives and other volatiles from the membrane. The third stage is generally for final
consolidation of the material.

The consolidation temperature is essential and must be adapted to the materials
used to avoid defects in the final product. Too high a sintering temperature can lead
to excessive densification of the ceramic material, causing complete pore closure [52].
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On the other hand, too low a temperature can produce an unconsolidated substrate
with low mechanical strength. Precise control of the temperature and duration of each
stage is therefore essential to obtain ceramic membranes with optimum properties.

3. Characterization of ceramic materials (clay and pore-forming agent)

Prior to use, raw materials need to be characterized to gain in-depth knowledge of
the samples. This characterization is divided into several essential aspects.

3.1 Mineralogical characterization by X-ray diffraction (XRD)

The mineralogy of clays is studied to identify the different minerals present. This
analysis is crucial to understanding the physical and mechanical properties of ceramic
materials, as well as their behavior during sintering.

3.2 Chemical analysis using X-ray fluorescence (XRF)

It determines the elemental composition of clay in the form of oxides, which is
important for understanding its physicochemical properties. For example, iron oxide
(Fe,05) gives a reddish coloration to clay membranes after sintering. The color of
ceramics can also be influenced by the CaO content, which can give yellowish and
pinkish hues [53, 54], and by titanium oxide (TiO,), which contributes to a brown-
ish color. The oxides K,0, Na,0, Fe20;, Ca0, and MgO are fluxing constituents that
promote vitrification and influence the densification of ceramic materials during
firing, thus reducing the temperature required [55]. A geochemical analysis of clays is
decisive in predicting chemical reactions during firing. Silica-rich clay behaves better
than silica-poor clay [56]. Silica plays a fundamental role in the densification of the
ceramic product during high-temperature firing.

3.3 Thermal characterization

Clays and pore-formers need to be thermally characterized to study their crystal-
line structure and transformations. Differential thermal analysis (DTA) and ther-
mogravimetric analysis (TGA) are necessary, because during the sintering process,
several temperature steps must be respected to avoid manufacturing defects and
ensure product homogeneity. During heating, materials undergo physical or chemical
transformations, such as phase changes, structural modifications, decomposition,
and volume variations [57, 58].

3.4 Determination of organic matter and carbonates

The determination of organic matter and carbonates in clays is crucial for control-
ling membrane porosity. The presence of these materials can generate gases during
firing, leading to the formation of undesirable pores and cracks in the membrane
structure. The decomposition of organic matter and carbonates at specific tempera-
tures must be taken into account to respect the temperature steps necessary for the
transformation of clay into ceramic. This ensures the optimum chemical composition
of the clay, avoiding the introduction of undesirable elements that could alter mem-
brane properties.
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3.5 Determination of humidity

Determining the humidity content of samples enables precise control of the
ceramic membrane manufacturing process. Adequate drying is essential to ensure
optimum conditions throughout production.

3.6 Determination of plasticity

In the field of ceramics, Atterberg limits are important for the manufacture of
membranes, especially for shaping. These limits depend on the mineralogy and
particle size distribution of the materials. The more fine particles the raw mate-
rial contains, the more water it absorbs. Plasticity gives an idea of the amount
of water required to manufacture a ceramic paste, especially in the case of wet
manufacturing.

In short, complete characterization of raw materials is essential to guarantee the
quality and efficiency of the ceramic membranes produced.

4. Some examples of recent industrial and other applications

Ceramic membranes have found diversified applications in many industrial
sectors due to their unique properties, such as resistance to high temperatures,
chemical and mechanical resistance, as well as their ability to filter fine particles.
Ceramic membranes are widely used in drinking water and industrial wastewater
treatment. Their robustness enables them to filter out particles, bacteria, and organic
substances without deteriorating rapidly. Ceramic microfiltration and ultrafiltration
systems are commonly used in water treatment plants to ensure effective purifica-
tion. Currently, several studies have demonstrated the effectiveness of these mem-
branes for water desalination [59], turbidity reduction [60], dye retention [60], and
bacterial retention [42].

5. Conclusion

The objective of this chapter is to demonstrate the importance and benefits of
flat clay-based ceramic membranes in water treatment. Although experimental
results are lacking, we have provided a detailed description of the manufactur-
ing and characterization processes, as well as the factors influencing membrane
properties. This content is essential to convince publishers of the importance and
relevance of this research in the current context of sustainable water resource
management.
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Abstract

This comprehensive book chapter delves into cutting-edge advancements in
the field of ceramics for photonic applications, a field poised to revolutionize light
manipulation and control. The chapter explores the unique properties and synthesis
methods of these advanced ceramic materials, which make them ideal for developing
innovative photonic devices. The chapter highlights critical areas like photonic crys-
tals, nonlinear optics, integrated photonics, and biophotonic ceramics, showcasing
their applications in high-performance optics, sensing, energy harvesting, and bio-
medicine. We also delve into the potential of transparent ceramics, ceramic upconver-
sion nanoparticles (UCNP), transparent glass/ceramics, rare-earth doped ceramics,
and ceramic metamaterials, highlighting the diverse applications of these advanced
ceramic materials. By examining the latest research and developments in this rapidly
evolving field, the chapter aims to provide a detailed overview of how ceramics can
impact photonic technologies and shape the future direction of light-based technolo-
gies. Through a thorough review of these materials’ properties, synthesis techniques,
and applications, this chapter serves as a valuable resource for researchers, scientists,
and professionals interested in the intersection of ceramics and photonics.

Keywords: transparent ceramics, nonlinear optical materials, biophotonic ceramics,
rare-earth doped ceramics, integrated photonics, ceramic periodic structures,
upconversion nanoparticles

1. Introduction

The world of photonics, harnessing the power of light for communication, sens-
ing, energy, and healthcare, is undergoing a transformative shift [1-5]. From revo-
lutionizing telecommunications with high-speed optical fibers to enabling precise
medical diagnostics with biophotonic devices, photonics is rapidly expanding its
reach across diverse fields. This growth is driven by the relentless pursuit of miniatur-
ization, improved performance, and the discovery of new functionalities [6-9].

While semiconductors and polymers have long dominated the photonic landscape,
anew era is dawning with the emergence of advanced ceramics as promising contend-
ers [10]. These materials, traditionally associated with ruggedness and strength, and
renowned for their exceptional properties such as high melting points, mechanical
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strength, and chemical durability, are now being engineered to interact with light in
unprecedented ways [10, 11]. Their unique properties such as high refractive index,
exceptional hardness, thermal stability, and chemical inertness offer a compelling
combination for developing advanced photonic devices and applications [12, 13].

This chapter delves into the fascinating world of advanced ceramic photonics,
revealing a treasure trove of possibilities that arise from the unlikely pairing of the
rugged, often opaque ceramic and the delicate world of light [1, 10]. We will embark
on a journey through the key aspects of this rapidly evolving field, starting with a
deep dive into the fundamental properties such as refractive index, transparency,
and nonlinearity, which are key to their interaction with light. Next, we delve into
the strategies and techniques used to modify and optimize ceramics, including
controlled processing methods and precise material composition. We explore the
various fabrication techniques employed to create ceramic photonic structures [3, 9].
From traditional powder processing and sintering to advanced sol-gel methods and
thin-film deposition, each technique offers unique advantages and challenges [11, 14].
Understanding these fabrication techniques is essential for realizing complex ceramic
photonic structures and devices with precise optical properties.

This rich landscape encompasses diverse approaches, from tailoring the transpar-
ency and functionality of ceramics through various strategies to controlling light
with carefully crafted periodic structures like photonic crystals and metamaterials
[3, 9, 15-17]. We will explore the potential of nonlinear optics in ceramics, where
the interaction of light with matter becomes more complex and leads to fascinating
phenomena like second harmonic generation and saturable absorbing properties.

Furthermore, this chapter will delve into the emerging field of integrated pho-
tonics where ceramics are integrated with miniaturized structures, paving the way
for high-performance optical devices [18, 19]. Finally, we will explore the exciting
prospect of harnessing light for biomedicine and beyond, using biocompatible ceram-
ics to develop innovative biophotonic devices and open new avenues for diagnostics
and therapeutics [4, 20, 21].

This chapter will provide a comprehensive overview of the latest advancements
in advanced ceramic photonics, highlighting the key challenges and future directions
for this rapidly growing field. This chapter serves as a roadmap, guiding us through
the exciting landscape of advanced ceramic photonics and its potential to unlock a
new wave of innovation in photonics and beyond. Join us as we explore the exciting
possibilities of harnessing the power of light through the versatility and resilience of
advanced ceramics.

2. Key areas of advanced ceramic photonics
2.1 Transparent ceramics: The transparency of strength

Transparent ceramics (TCs) present a fascinating convergence of material sci-
ence and optics [6]. While the term “ceramic” often evokes images of robust, opaque
materials, TCs defy this perception by exhibiting remarkable optical clarity alongside
exceptional strength and durability. These attributes make TCs ideal candidates
for a wide range of applications in photonics, pushing the boundaries of what can
be achieved with light [6, 7]. TCs are crystalline materials capable of transmitting
a significant portion of visible light. Unlike traditional ceramics, they lack scatter-
ing centers such as pores, grain boundaries, and inclusions, which typically deflect
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and absorb light, leading to opacity (Figure 1). The transparency of a ceramic is
intricately linked to several key factors, including its crystal structure, grain size

and distribution, porosity, and the presence of inclusions and impurities [22, 23]. A
highly ordered, defect-free crystal structure is paramount for transparency. It allows
light to pass through with minimal scattering. Similarly, smaller, uniformly sized
grains contribute to reduced scattering. Conversely, large grain boundaries or uneven
grain size increase light scattering, diminishing transparency. Pores act as scattering
centers, further reducing transparency. Consequently, densification techniques are
crucial for producing transparent ceramics with minimal porosity. Furthermore,
foreign particles and impurities within the ceramic matrix can also scatter light and
compromise transparency. Therefore, strict purity and meticulous control during
processing are essential [23, 24]. The interaction of light with a material is governed
by its refractive index, which determines the speed of light in the medium. In trans-
parent materials, the refractive index is relatively uniform throughout, enabling

light to pass through with minimal deviation [22, 25]. When the refractive index of
the material closely matches that of the surrounding medium, such as air, minimal
reflection occurs, maximizing transparency. However, variations in refractive index
encountered at grain boundaries or pores cause light to scatter, thereby reducing
transparency. Despite their potential, achieving high transparency in ceramics poses
significant challenges due to the inherent nature of these materials. High-temperature
sintering, a crucial step for densification and achieving good transparency, can
introduce defects and impurities [26]. Additionally, precise control over grain growth
is essential to minimize scattering. Achieving a uniform, fine-grained microstructure
requires careful processing. Moreover, trace impurities can significantly impact
transparency, necessitating rigorous purification methods to ensure the presence of

Input Power
Intensity
(100%])

Figure 1.
(A) Light power intensity reduces when passing through ceramics by possible sources of scattering such as (B)
surface roughness, (C) pores, (D) secondary phase (impurity) at the grain boundaries, and (E) double refraction.
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only the desired elements [27, 28]. Additionally, the random arrangement of grains
in ceramics is detrimental as it diminishes transparency. Crystallographic orientation
plays a crucial role in improving transparency, particularly in birefringent ceramics,
by minimizing birefringence at grain boundaries [29].

TCs can be broadly categorized based on their primary material composition.
Following the successful demonstration of laser oscillation in Nd**-doped Y;A1;01,
(Nd:YAG) transparent ceramics by Ikesue et al. in 1995 [30], YAG transparent ceram-
ics containing a range of rare-earth ions such as Nd**, Yb**, and Er’* have established
themselves as the optimal laser host material, attributed to their straightforward
manufacturing process and exceptional physical and chemical attributes [28, 31].
Yttria (Y,0;), a highly refractive material, finds applications in optical windows,
lenses, and high-power lasers. Its exceptional mechanical strength, high melting
point, and chemical stability make it a highly desirable material [32-34]. Alumina
(AL Os), known for its high hardness and strength, also exhibits transparency [12,

35]. It is frequently used for windows, lenses, and protective coatings due to its high
optical performance as well as resistance to physical damages [23]. Other notewor-
thy materials include magnesium aluminate spinel (MgAl,0,), known for its high
refractive index and thermal stability, used in optical windows and high-power laser
applications [36]. Spinel (MgALO,) offers excellent optical properties and thermal
shock resistance and a wide transparency window from UV to MIR, making it suitable
for optical windows and protective coatings [37]. Zinc sulfide (ZnS) holds promise
for infrared optics due to its high transmittance in the infrared region [38]. Finally,
calcium fluoride (CaF,), known for its wide transmission range and its performance
as a host for lanthanides, finds applications in ultraviolet and infrared optics espe-
cially in laser technology [39, 40].

Various methods are employed for synthesizing TCs, each offering distinct
advantages and drawbacks. Traditional powder processing involves synthesizing
fine powders of the desired material, followed by pressing and sintering at high
temperatures to densify the material [41]. While cost-effective, this method presents
challenges in achieving precise control over grain size and porosity [31]. Sol-gel
processing, on the other hand, involves the controlled hydrolysis and condensation
of precursor materials to form a gel [42]. The gel is then dried and sintered at lower
temperatures, resulting in high purity and homogeneity. However, this process can be
time-consuming and requires careful control of the precursor chemistry. Hot isostatic
pressing (HIP) involves applying high pressure at elevated temperatures, allowing
the ceramic to densify and achieve high transparency [15]. It is effective for materials
with high melting points but necessitates specialized equipment. Recent advances in
fabrication techniques have further propelled the development of TCs. Spark plasma
sintering (SPS) utilizes pulsed electrical current to rapidly heat and sinter ceramic
powders, enabling faster processing times and better control over microstructure [15,
43]. Laser-assisted processing allows for the fabrication of complex, three-dimen-
sional structures in TCs, opening up new possibilities for photonic devices [44].
Additive manufacturing, or 3D printing, is being explored to create TCs with intricate
geometries and customized optical properties [45-47].

TCs offer several unique advantages over other optical materials, making them
essential for photonics [6, 22]. Their high refractive indices enable the creation
of compact optical devices. Their high hardness, thermal stability, and chemical
resistance make them suitable for demanding environments. Some TCs can transmit
light across a wide range of wavelengths, from the ultraviolet to the infrared [39].
Additionally, their properties can be fine-tuned by varying the material composition
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and processing techniques [15]. The applications of TCs in photonics are diverse

and rapidly expanding. Their high transparency, strength, and resistance to harsh
environments make them ideal for optical windows in spacecraft, lasers, and high-
intensity lighting applications [22]. TCs can be fabricated into high-performance
lenses for various optical instruments, including microscopes, telescopes, and laser
systems. They are also used as host materials for solid-state lasers, providing high-
power output and excellent thermal stability [5]. TC fibers offer unique advantages
for high-power laser transmission and sensing applications due to their exceptional
strength and durability [32]. Transparent ceramics represent a rapidly evolving field
with immense potential to revolutionize photonics. Their unique combination of opti-
cal clarity, strength, and durability unlocks new possibilities for developing advanced
optical devices for various applications. As research and development continue, we
can expect even more exciting breakthroughs in TC fabrication and applications,
pushing the boundaries of what is possible with light.

2.2 Transparent glass/ceramics: Combining the best of both worlds

Transparent glass/ceramics (TGC) are a unique class of materials that combine
the amorphous nature of glass with the crystalline properties of ceramics [16]. This
hybrid nature allows TGCs to exhibit superior mechanical, thermal, and optical
properties, making them highly suitable for various photonic applications. The
formation of TGC involves controlled crystallization within a glass matrix, resulting
in a material that maintains transparency while gaining the advantageous properties
of ceramics [16, 48].

The formation of TGCs begins with the preparation of a glass precursor, which is
then subjected to a controlled heat treatment process known as ceramization [49].
During this process, nucleation and growth of crystalline phases occur within the
glass matrix [50]. The key to maintaining transparency lies in the size and distribu-
tion of these crystalline phases. If the crystallites are smaller than the wavelength of
visible light (typically less than 100 nm), they do not scatter light significantly, thus
preserving the material’s transparency [48, 49]. The transparency of TGCs is also
influenced by the refractive index matching between the glass matrix and the crystal-
line phases [50]. A close match minimizes light scattering at the interfaces, further
enhancing transparency. The absence of impurities and defects is also crucial, as these
can introduce scattering centers and reduce optical clarity. The controlled crystal-
lization process ensures that the crystalline phases are uniformly distributed with a
control of their size below the critical threshold for light scattering. The mechanism
of controlled crystallization in transparent glass/ceramics involves a series of carefully
controlled steps that influence the formation of crystalline phases within a glassy
matrix [50]. Several parameters, including heat treatment conditions and material
composition, play crucial roles in this process [50]. The controlled heating and cool-
ing cycle allow for the nucleation and growth of crystalline phases within the glassy
matrix. The temperature and duration of the heat treatment are critical in determin-
ing the size, distribution, and composition of the crystalline phases in the TGC. The
composition of the glassy matrix in TGC plays a significant role in controlling crystal-
lization [48]. The composition of the glass material can be tailored to promote the for-
mation of specific crystalline phases during heat treatment. Nucleation is the initial
formation of small crystalline nuclei within the glassy matrix, which serve as the
starting points for crystal growth [48]. Therefore, nucleating agents, such as titanium
dioxide or zirconium dioxide, can be added to the glass composition to facilitate the
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nucleation of crystals. Adding nucleating agents such as zirconia or titania promotes
the nucleation process and helps achieve a higher density of crystalline phases. The
growth of crystals occurs as the material is further heated and cooled, leading to the
development of larger crystalline structures within the glassy matrix [51]. So, crystal
growth inhibitors, such as aluminum oxide or magnesium oxide, or bore oxide, can be
used to control the growth of crystals and prevent their excessive growth, ensuring a
fine and uniform distribution of crystalline phases [49, 52, 53]. By carefully adjusting
control parameters, researchers can optimize the formation of crystalline phases and
tailor the properties of the material to meet specific requirements, such as transpar-
ency, strength, and thermal stability.

Combining the characteristics of glass and ceramics, TGCs offer several unique
properties. One of the most significant advantages is their mechanical strength
[44, 54]. TGCs exhibit higher mechanical strength and toughness than conventional
glasses, making them more resistant to mechanical damage. This is particularly impor-
tant in applications where durability and longevity are critical. Another advantage is
the enhanced thermal stability provided by the crystalline phases within TGCs. This
allows TGCs to withstand higher temperatures without deformation, making them
suitable for high-temperature applications [54]. Additionally, TGCs maintain high
optical clarity, which is essential for photonic applications [51]. The controlled crystal-
lization process ensures that the material remains transparent while gaining the benefi-
cial properties of ceramics. Chemical durability is another important property of TGCs
[48, 55]. They are often more resistant to chemical attack than pure glasses, extending
their lifespan in harsh environments. This makes TGCs suitable for applications in
chemically aggressive environments where conventional glasses would degrade.

TGCs can be classified based on their material composition. Some crucial types
include tellurites [49], phosphates [54], and silicates [51, 56]. Tellurite-based TGCs
are known for their high refractive indices and low phonon energies, making them
excellent for nonlinear optical applications. Phosphate-based TGCs offer good chemi-
cal durability and are used in laser and optical amplifier applications. Silicate-based
TGCs are widely used due to their excellent mechanical properties and thermal stabil-
ity. Several methods are used to synthesize TGCs, including melt quenching [56],
sol-gel process [11], and spark plasma sintering (SPS) [51]. Melt quenching involves
melting the raw materials and rapidly cooling them to form a glass, followed by con-
trolled heat treatment to induce crystallization. This method is widely used due to its
simplicity and scalability. The sol-gel process is a chemical method that involves the
transition of a solution into a gel, which is then dried and heat-treated to form TGCs
[57]. The sol-gel method offers better control over composition and microstructure,
allowing for the synthesis of TGCs with tailored properties. However, it is more
complex and time-consuming compared to melt quenching. Spark plasma sintering
(SPS) is a technique that uses pulsed electric current to sinter the material at lower
temperatures and shorter times, preserving transparency [51]. The SPS technique
also provides rapid processing and allows for synthesizing TGCs with high density
and uniform microstructure. However, it requires specialized equipment and is less
scalable compared to melt quenching. Recent advances in fabrication techniques,
such as additive manufacturing and advanced sintering methods, have expanded the
possibilities for TGCs [58, 59]. Additive manufacturing allows for the precise control
of material composition and microstructure, enabling the synthesis of TGCs with
tailored properties. Advanced sintering methods, such as SPS, provide rapid process-
ing and high-density materials with uniform microstructure.
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TGCs are crucial for photonic applications due to their unique combination of
properties. Significant applications include high-performance optics, displays, and
optical fibers [16, 48]. In high-performance optics, TGCs are used in lenses, windows,
and other optical components that require high transparency and durability. Their
optical clarity and mechanical strength make TGCs ideal for protective covers and
substrates in display technologies. In optical fibers, TGCs with tailored refractive
indices are used in the core and cladding, enhancing signal transmission and durabil-
ity [14, 18, 60]. The ability to precisely control the refractive index and maintain high
optical clarity makes TGCs suitable for advanced optical fiber applications. State-
of-the-art applications of TGCs include laser systems, photonic integrated circuits,
and biomedical optics [61, 62]. In laser systems, TGCs are used in high-power laser
components due to their excellent thermal and optical properties. The integration of
TGCs in photonic circuits enhances performance and miniaturization, enabling the
development of compact and efficient photonic devices. In biomedical optics, TGCs
are being explored for use in medical imaging and diagnostic devices due to their
biocompatibility and optical clarity [62].

In conclusion, transparent glass/ceramics represent a vital class of materials in
photonics, offering a unique blend of properties that make them indispensable for
advanced optical applications. Continued research and development in synthesis
methods.

2.3 Rare-earth doped ceramics: [lluminating photonics applications

Rare-earth (RE) elements, renowned for their unique electronic configurations
and sharp, narrow emission lines, have profoundly impacted photonics. Their inte-
gration into ceramic matrices, resulting in rare-earth doped ceramics (RE-Cs), has
unlocked a plethora of opportunities for enhancing and customizing optical proper-
ties, leading to innovative photonic devices [8, 15].

The core principle behind RE doping lies in introducing specific RE ions into the
host ceramic lattice. These ions, typically trivalent (RE**), possess partially filled
4f orbitals shielded by outer 5s and 5p orbitals. This unique electronic structure
is responsible for the characteristic sharp emission bands and long fluorescence
lifetimes exhibited by RE ions, rendering them ideal for a variety of photonic applica-
tions [8, 63]. RE doping significantly influences the optical properties of ceramics,
manifesting in several ways. Notably, RE** ions act as luminescent centers, absorbing
energy and emitting light at specific wavelengths. The emitted color is determined
by the specific RE** ion and the host material. Certain RE** such as Er**, Tm*", Ho™*
and Nd** ions exhibit upconversion photoluminescence, a process where they absorb
multiple low-energy photons and emit a higher-energy photons, effectively convert-
ing longer wavelengths to shorter ones [8, 15, 62, 63]. This capability has immense
potential for applications like bioimaging and solar energy conversion. Conversely,
some RE ions such as Eu**, Tb**, Ce** and D};’ * display downconversion luminescence,
where they absorb high-energy photons and emit lower-energy photons, which
is advantageous for improving the efficiency of light-emitting diodes (LEDs) by
shifting blue light to longer wavelengths within the visible spectrum [15, 25, 57, 61,
62]. Additionally, RE doping can influence the refractive index of the host ceramic,
enabling the development of optical components with specific refractive index
profiles [62]. A few common mechanisms of down and upconversion emissions are
demonstrated schematically in Figure 2.
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Figure 2.

Schematic view of a few common downconversion mechanisms occurs based on (A) one RE?* ion, and (B)
cooperative two RE?* ions, as well as upconversion mechanism observed in (C) one activator ion, and (D) assisted
by a sensitizer RE** ion.

RE-Cs play a pivotal role in various photonic applications. They are widely used as
gain media in solid-state lasers due to their high optical gain, narrow emission line-
width, and tunability [62]. These characteristics make them suitable for a wide array
of applications, including telecommunications, medical diagnostics, and scientific
research [4, 8, 18, 62, 64, 65]. RE-Cs contribute to energy-efficient solid-state light-
ing (SSL) by providing white light emission. They act as phosphors in white LEDs,
converting blue light emitted from the semiconductor chip into longer wavelengths
to produce white light [61, 62]. RE-Cs are also essential components in optical ampli-
fiers, which boost signal strength in optical communication systems [18, 62]. They
amplify optical signals without significant signal distortion, enabling long-distance
communication.

The unique properties of RE-Cs have led to exciting state-of-the-art applications.
They are being explored for their potential in quantum computing and communica-
tion due to their long coherence times and narrow emission lines, making them
suitable for storing and processing quantum information [18, 65]. In biomedical
applications, RE-Cs, especially in nanoparticle form, serve as biocompatible lumines-
cent probes for bioimaging and diagnostics, their narrow emission bands and high
quantum yields enable high sensitivity and specificity in biological applications [8, 21,
66-68]. RE-Cs are also being incorporated into advanced displays, offering enhanced
color purity and efficiency, leading to broader color gamut and improved display
quality [25, 50, 69].

In conclusion, rare-earth doped ceramics have revolutionized photonics, offering
a wide array of optical functionalities and applications. Their unique luminescent
properties and advancements in fabrication techniques continue to drive innovation
in lasers, solid-state lighting, optical amplifiers, and emerging fields such as quantum
computing and biomedicine. As research progresses, RE-Cs are poised to play an
increasingly crucial role in shaping the future of photonics.

2.4 Advanced ceramics for nonlinear optics: Gateway beyond linearity
The realm of photonics is being reshaped by the burgeoning field of nonlinear
optics (NLO), which explores the fascinating interactions of light with materials

that exhibit nonlinear optical responses. Unlike linear optical phenomena, where the
light’s behavior is directly proportional to the strength of the applied field, nonlinear
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optics involves complex interactions where the response of the material is dependent
on the intensity of the light. This opens up a vast array of possibilities for manipulat-
ing and controlling light in ways previously inconceivable, leading to the development
of advanced photonic devices with unique functionalities.

At the heart of nonlinear optics lies the concept of optical nonlinearity, a phenom-
enon where the polarization of a material changes non-linearly with the electric field
strength of the incident light. This nonlinear response gives rise to various intriguing
effects, including second or third harmonic generation (SHG, THD), sum and differ-
ence of frequency, two or three-photon absorption (2PA, 3PA) and saturable absorp-
tion (SA) [2, 70]. In SHG, light interacting with a non-centrosymmetric material is
converted to a new frequency, double the original frequency. This process is crucial
for generating new light sources and finds applications in frequency conversion, laser
design, and microscopy. In 2PA (3PA), two (three) photons at a similar frequency
are simultaneously absorbed by the NLO material. Saturable absorbers, on the other
hand, have the unique property of absorbing light at low intensities but becoming
transparent at high intensities. This property arises from the energy level structure of
the dopant ions. This phenomenon is critical for laser Q-switching and mode-locking,
enabling the generation of ultrashort laser pulses.

The search for materials possessing specific nonlinear optical properties has
ignited intense research efforts, particularly focusing on ceramics. These materials
offer several advantages over conventional materials for nonlinear optics. Ceramics
exhibit a high resistance to laser-induced damage, making them ideal for high-power
laser applications. Their robust chemical stability ensures their performance over
time, even under harsh environmental conditions. Moreover, their composition and
microstructure can be precisely controlled, allowing for fine-tuning of their optical
properties, including nonlinear refractive index and SHG efficiency.

Significant progress has been made in developing new ceramic materials with
enhanced nonlinear optical properties. Minerals, particularly perovskite oxides,
like strontium barium niobate (SBN), lithium niobate (LiNbO;), barium titanate
(BaTiO3), and KTiOPO, (KTP), have demonstrated remarkable SHG efficiencies and
are under investigation for frequency conversion applications in telecommunications
and laser technologies [1, 71, 72]. Rare-earth compounds with noncentrosymmetric
crystal structures, like La3GasSnOy4, LiCs,Y,(PO4)3, Cd4LuO(BO;)3, NagLu,(COs)6F,,
Na,sLa,(CO;)s, Y(OH),NO; and much more, continue to garner widespread attention
as an important class of nonlinear optical (NLO) materials [1]. This is because the
highly distorted structural arrangements centered around the rare-earth ions can
significantly enhance the materials’ second harmonic generation (SHG) proper-
ties. Chromium (Cr**) and Cobalt (Co™") are popular dopants for SA due to their
strong absorption in the visible and near-infrared (NIR) region for a variety of laser
applications [13, 73]. Cr:YAG, Cr:Sapphire, Cr:ZnS as well as Co:MgAl,0,4, Co:ZnSe,
Co:ZnALO, are well-established materials for passive Q-switching and high-power
applications with good thermal properties, enabling the generation of nanosecond,
picosecond and femtosecond pulses and also used in integrated optics for pulse shap-
ing and switching applications [13, 73].

The potential applications of nonlinear ceramic materials span various fields
within photonics. Frequency conversion using SHG enables efficient signal genera-
tion in telecommunications, enhancing bandwidth and data transmission rates. SHG
microscopy allows for label-free imaging of biological samples, providing insights
into cellular structure and dynamics. Nonlinear ceramics are explored for advanced
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imaging modalities, like nonlinear optical microscopy, for non-invasive diagnostics
and drug delivery [1, 70]. SA ceramics play a vital role in laser Q-switching, enabling
the production of high-energy, short laser pulses used in diverse applications like
laser cutting, marking, and micromachining [2, 13, 70, 73]. Nonlinear ceramics with
sensitivity to specific parameters like temperature, pressure, or chemical species are
being explored for developing robust optical sensors.

2.5 Ceramic in periodic structures: Controlling light with periodicity

Ceramic materials have emerged as pivotal components in the design and fab-
rication of periodic structures such as photonic crystals and metamaterials. These
structures are engineered to manipulate electromagnetic waves in ways impossible
with conventional materials. Photonic crystals, characterized by their periodic
dielectric structures, influence the propagation of photons similarly to how semi-
conductor crystals affect electron movement [3]. These artificial crystals have a
photonic bandgap, which is a range of frequencies where light cannot propagate
through the material. This property allows for the control and manipulation of light
at the nanoscale level, enabling the creation of devices with unique optical proper-
ties. Metamaterials, conversely, are artificially engineered to exhibit properties
not found in nature, enabling unprecedented control over electromagnetic waves.
Metamaterials are typically composed of artificially engineered structures made from
a combination of metals, insulators, or both [74, 75]. The structure of metamaterials
consists of subwavelength unit cells that are arranged in a periodic pattern. These unit
cells can be made from various materials, such as metals like gold, silver, or copper,
or insulators like dielectric materials. The choice of materials and the design of the
unit cells determine the electromagnetic properties of the metamaterial, allowing it to
exhibit unique optical characteristics. By designing the structure of these materials at
the subwavelength scale, it is possible to manipulate light in ways that are not achiev-
able with natural materials. Metamaterials can exhibit negative refractive index,
cloaking abilities, and other extraordinary optical properties that go beyond what
is possible with traditional materials [74]. Integrating ceramics into these periodic
structures has opened new avenues in photonics, offering enhanced performance and
novel functionalities [75].

The use of ceramics in fabricating periodic structures is important due to their
exceptional properties, such as high-temperature resistance, chemical stability,
mechanical strength, and diverse dielectric properties [3, 74, 75]. These properties
make ceramics ideal for applications where traditional materials may not be suitable,
especially for environments that demand high durability and performance under
extreme conditions, such as in high-temperature environments or corrosive condi-
tions. Furthermore, ceramics can be engineered to possess specific refractive indices,
such as high refractive index contrast, which is crucial for the precise manipulation
of light. The ability to tailor the optical properties of ceramics enhances their utility
in creating photonic structures that require exact control over light propagation and
interaction [76].

Recent advancements in fabrication techniques have significantly improved
the ability to create complex ceramic photonic structures [77]. Techniques such as
lithography, etching, and deposition processes have been optimized to create intricate
structures with subwavelength features [76]. Additive manufacturing methods, such
as 3D printing, allow for the layer-by-layer construction of ceramic materials with
nanoscale precision and have also been explored for rapid prototyping of complex
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photonic structures [78]. This technique enables the production of intricate geom-
etries that are essential for the functionality of photonic crystals and metamaterials.
Sol-gel processing is another versatile approach, offering the ability to create ceramics
with tailored porosity and refractive indices [17]. Additionally, laser-assisted fabrica-
tion techniques provide a means to directly write photonic structures with sub-micron
resolution [79]. These methods collectively enhance the precision and functionality
of ceramic photonic devices.

Ceramic photonic crystals and metamaterials have found extensive applications in
various photonic devices, including optical filters, lasers, and sensors [3, 75, 80]. In
optical filters, the periodic structure of photonic crystals creates photonic band gaps
that can be engineered to selectively block or transmit specific wavelengths of light.
This capability is crucial in applications such as wavelength division multiplexing in
optical communications, where precise wavelength control is essential for efficient
data transmission. In the realm of lasers, ceramic photonic crystals and metamaterials
are employed to manipulate light within the laser cavity [77]. By incorporating these
materials, it is possible to achieve enhanced control over the emission properties of
the laser, such as wavelength, beam shape, and coherence [3]. The high sensitivity of
photonic crystals to environmental changes makes them ideal for sensor applications
[17]. This sensitivity is particularly beneficial in fields such as environmental moni-
toring, medical diagnostics, and industrial process control, where precise and reliable
sensing is paramount.

2.6 Integrated photonics: Combining ceramics with miniaturization

Integrated photonics, the integration of optical functions onto a single chip, is
revolutionizing various fields, including telecommunications, sensing, and comput-
ing [9]. The inherent properties of ceramics make them particularly well-suited for
integrated photonic applications. Additionally, ceramics excel in heat dissipation,
effectively mitigating thermal effects that can degrade device performance. This
is crucial for high-power applications like lasers and optical amplifiers, where heat
management is critical [9, 19]. Furthermore, ceramics are robust, resistant to harsh
chemicals and environmental conditions, ensuring the long-term reliability and
durability of photonic devices. Finally, many ceramics exhibit transparency across a
wide range of wavelengths, enabling the development of devices operating in various
spectral regions, from visible to infrared [6].

These advantages are already being harnessed in the development of various pho-
tonic devices. Ceramic-based waveguides with minimal propagation losses have been
demonstrated for applications like high-speed data transmission, optical sensing, and
optical interconnects [9]. Integrating multiple optical components like waveguides,
splitters, and couplers on a single ceramic chip enables compact, efficient photonic
integrated circuits (PICs) for various applications [19]. The high thermal conductiv-
ity of ceramics has also enabled the fabrication of high-power lasers with enhanced
stability and efficiency.

However, challenges remain in the fabrication and integration of ceramic-based
photonic devices. Achieving high-quality, low-loss waveguides with precise dimen-
sions requires advanced microfabrication techniques, which can be complex and
costly [10]. Furthermore, finding ceramics with the ideal combination of optical,
thermal, and mechanical properties for specific applications can be challenging.
Additionally, combining ceramic components with other materials like polymers or
silicon requires careful consideration of compatibility and fabrication processes.
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Despite these challenges, the potential of ceramics in integrated photonics is sig-
nificant [9, 10]. Ongoing research focuses on developing new fabrication techniques,
exploring novel ceramic materials, and enhancing integration with other photonic
components. As this field progresses, we can expect to see miniaturized, high-perfor-
mance photonic devices based on advanced ceramics, revolutionizing various sectors
and opening up exciting possibilities for the future.

2.7 Ceramic-based biophotonics: A new frontier in harnessing light for
biomedicine

The burgeoning field of biophotonics seeks to harness the power of light for
biomedical applications, enabling advancements in diagnostics, therapeutics, and
personalized medicine [8, 64]. While traditional silicon-based photonics has seen
considerable success, ceramic materials are increasingly recognized for their unique
advantages in biophotonic applications. Their biocompatibility, chemical inertness,
and tailored optical properties make them promising candidates for developing
advanced biophotonic devices.

Biocompatible ceramics, like hydroxyapatite (HA), bioactive glass, and alumina
(AL 0;), are gaining traction in biophotonics due to their excellent biocompatibility
and favorable optical properties [36, 81]. These materials can be engineered to possess
specific optical properties like bioluminescence, fluorescence, or even upconversion,
making them suitable for various biomedical applications. For example, HA, with its
biocompatibility and excellent bioactivity, has shown potential for optical sensing
platforms in bone regeneration and drug delivery applications [81].

Ceramic-based biophotonic devices are designed to leverage the unique opti-
cal properties of these materials for biomedical applications. These devices can be
designed for optical diagnostics, drug delivery, and therapeutic applications [66,
68]. Upconversion nanoparticles (UCNPs), especially, composed of lanthanide-
doped ceramics, exhibit remarkable properties. They can convert low-energy
photons (e.g., near-infrared light) into higher-energy photons (e.g., visible light).
This upconversion phenomenon has opened new possibilities for biophotonics,
particularly in bioimaging and sensing (Figure 3) [8, 68]. The use of UCNPs allows

UCNP + Gell

UCL Intensity

Wavelength

Upconversion PL

intensity changes hy
Free contacting UGNP with
UCNP 1arget Gell

Figure 3.

Schematic demonstration of the application of UCNP:s for cellular bioimaging. By excitation of UCNPs by NIR
light (ved arrows), a visible light (green arrows) can be genevated and the corresponding intensity is different
between two scenarios of free UCNP and UCNP attached to a target cell.
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for deep tissue imaging with minimal autofluorescence and improved signal-to-
noise ratio. Moreover, UCNPs can be used to deliver light to specific targets for
photodynamic therapy, where they generate reactive oxygen species for cancer cell
destruction [66].

Biophotonic ceramics are poised to play a crucial role in the future of personal-
ized medicine and advanced healthcare [68]. The ability to tailor their optical
properties and biocompatibility opens up exciting avenues for developing novel bio-
photonic devices. Integrating ceramics with other materials like polymers and metals
can create hybrid devices with enhanced functionality, enabling advancements in
personalized medicine, targeted drug delivery, and minimally invasive therapies [8,
82]. The development of biocompatible ceramic micro- and nanostructures, coupled
with advances in upconversion technology, could revolutionize optical diagnostics
and therapeutics.

In conclusion, biophotonic ceramics represent a promising frontier in biomedi-
cal applications, offering enhanced biocompatibility, tailored optical properties,
and a wide range of functionalities. Their integration into biophotonic devices holds
immense potential for revolutionizing optical diagnostics, therapies, and personal-
ized medicine. Further research and development in this field can pave the way for
transformative innovations in healthcare.

3. Conclusion: Challenges and future directions

Advanced ceramic photonics promises to revolutionize light-based technologies,
but faces challenges in fabrication, material development, integration, scalability,
and standardization. Creating high-quality, transparent, and defect-free ceramic
materials at scale remains a hurdle. The search for new ceramics with tailored optical
properties like high refractive indices and low losses continues. Integration with other
materials and cost-effective scaling are also crucial. To overcome these challenges,
researchers are exploring novel fabrication techniques like 3D printing and high-
throughput screening for new materials. Advanced characterization methods and
hybrid integration strategies are also key. Focusing research on specific applications
like high-speed communications and bioimaging will accelerate the transition of
these promising materials into real-world solutions.
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Chapter 16

Processing and Applications of
Composite Ceramic Materials for
Emerging Technologies

Olusegun Adigun Afolabi and Oludolapo Akanni Olanrewaju

Abstract

Ceramics are a material that has been used for hundreds of years. The uses
range from pottery to complicated aerospace components. They are valued for
their toughness, strength, resilience to wear, electrical and thermal insulation, and
chemical durability. Furthermore, these materials have a variety of unique optical,
chemical, electrical, magnetic, mechanical, and thermal properties, making them
suitable for contemporary investigations and developing technologies in medicine,
aerospace, communications, electronics, energy, transportation, and chemical
manufacturing. There are numerous processing methods for creating ceramic
matrix composites. These approaches include the powder metallurgy, sol-gel
method, freeze-casting, additive manufacturing, hot pressing and hot isostatic
pressing (HIP), and slip-casting processes. This chapter focused on discussing how
the different processing methods of ceramic composites have been employed in
their manufacturing for various industrial applications.

Keywords: composite material, processing techniques, ceramic materials, emerging
technologies, applications

1. Introduction

The term “ceramics” is derived from the Greek word “keramicos,” which means
burnt materials. They have been around for over a thousand decades and are made of
naturally existing basic ingredients. Ceramics are typically inorganic and non-metal-
lic solids (made from powdered components), with relatively low melting points
that require high temperatures for production and application. They are typically a
compound of various substances or a mixture of compounds containing metallic and
non-metallic elements and might be oxides, carbides, borides, or silicides [1].

Composite ceramic materials (CCM) are classes of advanced materials that
integrate the exceptional properties of ceramics such as high hardness, electri-
cal insulation, thermal stability, wear resistance, high-temperature stability, and
chemical inertness and have emerged as vital components in the development
of advanced technologies. Since the early 1990s, Astrium has been developing a
leading-edge essential technology known as ceramic matrix composites (CMCs).
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Carbon-reinforced silicon carbide (C/SiC) is an intriguing representative of the
category of CMCs, which is manufactured utilizing the liquid polymer infiltration
(LPI) process [2].

There are two types of ceramics: traditional and advanced. The first group con-
tains inorganic non-metallic substances (either non-metallic or metallic compounds),
such as clay (plastic materials), silica (filler), and feldspar (fluxes), whereas the other
group includes oxides, nitrate compounds, carbides, and nonsilicate glass. Ceramics
are historically manufactured using oxide compositions, which can be amorphous
or crystalline. In many circumstances, they fail to be entirely dense and incorporate
permeability in the smaller to larger size categories [1].

Traditional ceramics are made using oxide compositions that might be amorphous
or crystalline. As a result, they are not entirely dense in their formations and have
permeability in both small and large size categories. Advanced ceramics differentiate
themselves from typical ceramics in that they have more strength, adaptability, hard-
ness, and higher temperature ratings. Table 1 compares the benefits and drawbacks of
standard and innovative composite ceramic materials. Table 2 also includes some exam-
ples of advanced ceramic materials, showing their structural phases and characteristics.

These materials, which combine the benefits of ceramics with those of other mate-
rials, are increasingly being utilized in sectors ranging from aerospace and electronics

Items Traditional ceramics Advanced ceramics

Raw materials Their formations are derived They are made of synthetic, excellent-quality
from natural materials and not powders. These chosen raw materials are
processed, they include: clay, accountable for offering a variety of unique
feldspar, and quartz. functions and features.

Structures The clay’s composition Advanced ceramics possess simple chemical
determines its structure. For structures that are highly pure and clear. Also, their
example, pottery from distinct formation was done using manually calculated
regions has varying textures. ingredients, which shows that the raw materials are
Traditional ceramics have more under control. Thus, their microstructure is often
complex chemical structures and fine and consistent.
compositions since they are made
from different raw materials.

Manufacturing Minerals for conventional The use of dry and wet molding for advanced

processes ceramics can be utilized directly ceramics is applicable once organic additives have

for wet moldings, such as slurry
grouting or mud plastic molding.
Their temperatures change from
900 to 1400°C after sintering,
which implies that the green body
is ready for use.

been introduced to enhance the raw materials of
high-purity powders. Additional processing is
required after fire at higher sintering temperatures
(ranging from 1200 to 2200°C) depending on the
material used. In terms of preparation techniques,
sophisticated ceramics surpass the limitations of
traditional ceramics.

Functions and

Traditional ceramic materials

Advanced ceramics outperform traditional

applications often get produced where they ceramics in terms of both performance and
are daily used as materials for innovative uses. They exhibit a variety of Physical
building purposes. and mechanical qualities include large toughness,
durability, thermal shock resistance, durability
against wear, durability against corrosion, and
extreme-temperature resistance.
Table 1.

Advantages and disadvantages of traditional and advanced composite ceramic materials [1].
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Ceramic materials Phases/Bonds/Forms Properties

Aluminum nitride Has a hexagonal crystal shape and Chemical stability, spectrum gap (62 eV,

(AIN) is covalently linked. direct), hardness (1100 kg/mm2), threshold
electrical field (12MV/cm), resistivity to
oxidation, thermal conductivity (320 W/
mK), etc.

Aluminum Transparent polycrystalline Excellent thermomechanical and optical

oxynitride (AION)

ceramic material with a spinel-type

transparency properties.

structure.
Titanium diboride Their structure is hexagonal lattice High hardness, excellent corrosion, thermal
(TiB,) in shape (Cs,) with a space group of oxidation, high chemical stability, and wear
P6/mmm. resistance.
Zirconia toughened It contains around 7-25 wt.% They have compressive strength of 2500 MPa,
alumina unstabilized ZrO, or Y-TZP elastic modulus of 330 GPa, igh hardness,
incorporated into an Al,O; matrix. fracture toughness of 7.3 MPa m"?, coefficient
of thermal expansion of 8 x 107%C™, low cost,
and simple processing procedures.
Titanium A hexagonal structure having a P63/ Vickers hardness (4 GPa), density (4520 kg/
silicocarbide mmc space group. It is composed m?), Young’s modulus (322 GPa), high-
(Ti3SiCy) of three interaction methods, all of temperature oxidation and corrosion

which are identical to the van der
‘Waals force (Ti and Si).

resistance, easy machinability, better stability.

Silicon dioxide or
silica (SiO,)

They can be classified into two
essential compositional forms
(crystalline and amorphous) and
exist in three major phases (quartz,
tridymite, and cristobalite).

They are defined by excellent stability in
chemical form, a reasonable cost, a non-
toxic dielectric coefficient (50-100), and a
favorable effect on the surroundings.

Hafnium nitride
(HN)

They show a rock-salt structure
with a lattice constant of 4.525 A.

They possess a good melting point of
3653.15 K, high thermal stability and chemical
inertness, and a hardness of 16.3 GPa.

Calcium copper They possess body-centered cubic They have a bandgap of (3.4 eV), high
titanate (CCTO) (bcc) with a Lm3 space group. dielectric losses, and a low breakdown voltage.
Magnesium Their structure is Rthorhombic They are thermally stable (< 1873.15 K), low
dititanate pseudobrookite-type. CTE, low thermal conductivity, and high
(MgTi,05) thermal shock resistance.

Cadmium sulfide
(CdS)

They are in the form of n-type
semiconductors.

They have a direct bandgap of (24 eV),
superior light absorption, suitable flat-band
potential, and easy agglomeration.

Table 2.
Advanced composite ceramic materials, structural phases, and properties [1, 3-6].

to biomedical engineering and energy storage. This chapter explores the processing
techniques and diverse applications of composite ceramic materials, highlighting
their significance in driving innovation in emerging technologies.

The worldwide market for ceramic materials with diverse uses in the fields of
ecology, specialized tools, biomedical and electronics, and environmental domains
is increasing. Numerous ceramic substances and production techniques are currently
developed with task-specific properties. The material, production processes, and manu-
facturing conditions all have an impact on attributes such as durability against corro-
sion, superior optical and electrical performance, hardness, and wrinkle prevention [1].
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Different studies have been done regarding ceramic composites, which include
ceramic coating of both heat-resistant, biomedical, corrosion-resistant, improving
microstructural and electromagnetic wave absorption performances using the atmo-
spheric plasma spraying method [7-11], the use of ceramic composites as filters in the
reduction of non-metallic inclusions in molten steel to improve the quality of steel prod-
ucts [12], as biomaterials with bioglasses for bone replacement applications [13], and
it was also used as a coating on rubber by aerosol deposition with cryogenic substrate
cooling to show the optical transparency and mechanical properties of the ceramic
film formed [3, 4, 14-18]. Moreover, ceramic and fluoropolymer composites were
used as coating materials for controlling friction and wear for tribological purposes
[19]. Furthermore, Sawunyama et al. [20] reported that a coal fly-ash based ceramic
membrane was used in wastewater treatment. This chapter discussed the processes and
applications of ceramic composites for various emerging technological uses.

2. Processing techniques for composite ceramic materials

Composite ceramic materials can be made in a variety of ways. Composite ceramic
materials can be arranged in a number of shapes, including hollow fibers, tubes, and
flat discs. Furthermore, composite ceramic materials can be manufactured in four
steps: (i) material preparation, (ii) processing, (iii) sintering, and (iv) finishing.
Some of the processing techniques involved in composite ceramic materials include
powder metallurgy, sol-gel techniques, freeze-casting, additive manufacturing, hot
pressing, and slip casting,.

2.1 Powder metallurgy

Powder metallurgy is a widely used technique for producing composite ceramics.
It involves the mixing of ceramic powders with other materials, followed by compac-
tion and sintering at high temperatures. This method allows for precise control over
the composition and microstructure of the material, making it possible to engineer
composites with desired properties such as enhanced mechanical strength and
thermal conductivity. The process provides a better way of manufacturing high-
quality sintered and structural components for a large array of applications in various
industries. This is due to its low cost, unusual versatility, and the ability to blend with
high melting points. The flexibility of powder metallurgy in composite ceramics helps
to control porosity, reduce noise or damping vibrations, enhance good surface finish-
ing, and provide unique magnetic properties. There are four methods involved, which
include powder production, compacting, sintering, and mixing and blending [21, 22].

2.2 Sol-gel processing techniques

The sol-gel process is a versatile method for synthesizing composite ceramics
at relatively low temperatures. This technique involves the transition of a solution
containing metal alkoxides or other precursors into a gel, which is then dried and
calcined to form a ceramic material. The sol-gel process is particularly advanta-
geous for producing nanocomposites with uniform particle distribution and fine
microstructures, which are essential for applications requiring high precision and
performance, high quality with defined threshold strength, near-net-shape, and
complex ceramic parts [1].
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In sol-gel manufacturing, ceramic precursors are important to the gel-forming
mechanism (through polycondensation, hydrolysis, etc.). The gel network’s backbone
is made up of hydroxides and metal alkoxides, which are eventually processed into
ceramics. When employing sol-gel casting to create ceramic components, there are
two key factors to consider. First, calculate the ideal gelation speed, which must
be quick enough to keep the foam from collapsing. Second, the gel rheology must
enable all aspects of the mold to be filled; hence, gels with high fluidity are necessary,
especially for manufacturing very complicated structures [1].

2.3 Freeze casting

Freeze-casting was invented as a “near net-shape” forming method for robust
ceramics, but the porous character caused by frozen crystalline melting during the
casting process was considered problematic at the time. The goal was carried out
to avoid the formation of voids caused by evaporating crystallized ice, which was
developed as a “near net-shape” forming method for strong ceramics; however, the
porous nature induced by frozen crystal sublimation during the casting process was
deemed problematic at the time. An attempt was made to prevent the voids created
by evaporating crystallized ice. Subsequently, through an alternate viewpoint, the
regulated formation, growth, and evaporation of crystalline ice was recognized as
an important benefit of the freeze-casting technique for producing coordinated and
functional porosity.

It demonstrated the utility of freeze-casting technology in the production of
macroporous ceramics. Freeze-cast frameworks with significant permeability
(~90%) and vertically aligned, hierarchically structured pores were originally created
for biomedical applications [23]. Figure 1 depicts the procedures of freeze-casting
utilizing aqueous slurry that is layered over a three-phase structure made up of water,
and Figure 2 depicts the schematic depiction of freeze-casting for composite ceramic
components.

Freeze-casting involves creating an enduring aqueous or non-aqueous colloidal
solution, putting it into a mold, freezing the molded suspension, sublimating the
solidified phase at reduced pressure, and sintering to form a porous structure. The
sintering process happens by connecting the surfaces of particulates before heating
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Freege-casting process for composite ceramic components: schematic representation [1, 23].

through substantial mass transmission and surface-transport systems, with the
primary objective becoming to generate a completely dense solid constituent (some
remnant porous persists in most circumstances) [1]. Sintering technologies were
divided into three mainstreams: (i) modified spark plasma sintering (SPS) route, (ii)
flash sintering-like processes, and (iii) hydro-consolidation (sintering in the presence
of water) [24, 25].

2.4 Additive manufacturing (AM)

Additive manufacturing, or 3D printing, has emerged as a transformative technol-
ogy for the fabrication of composite ceramics. AM enables the layer-by-layer con-
struction of complex geometries with precise control over the material’s composition
and microstructure. Techniques such as stereolithography, selective laser sintering,
and binder jetting are being adapted for ceramic composites, allowing for the pro-
duction of customized components with intricate designs. The flexibility of AM is
particularly beneficial for emerging technologies in electronics, where miniaturiza-
tion and integration are key. Traditional ceramics are notoriously difficult to produce,
making it difficult to manufacture objects with intricate shapes. The new method of
three-dimensional (3D) printing provides substantial opportunities for growth in the
area of molding and creating outstanding durability ceramics. It is predicted to break
past the technological limitations of traditional ceramic processing and manufacture,
opening up new paths for the use of essential ceramic components [25].

2.5 Hot pressing and hot isostatic pressing (HIP)

Hot pressing and hot isostatic pressing are advanced techniques that enhance the
density and mechanical properties of composite ceramics. Hot pressing involves the
simultaneous application of heat and pressure to the material, promoting densifica-
tion and reducing porosity. HIP uses a high-pressure gas environment to uniformly
apply pressure, eliminating internal voids and resulting in near-net-shape compo-
nents. These techniques are crucial for producing high-performance composites
required in demanding applications such as aerospace and defense. The process
involves the use of high-pressure, low strain rate, and high temperature for synthesis
in the design process to produce a dense, compact material using powder metallurgy.
It is often used to synthesize carbides, borides, nitride, and oxide materials [26].
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2.6 Slip casting

Slip casting is one of the most widely utilized industrial procedures for ceramic
processing because it allows for precise microstructure control in cast porous materi-
als as well as a high degree of ceramic phase dispersion. Slip-casting is the procedure
of immersing a permeable shape (often a mold) containing ceramic slurry. Slip cast-
ing is developed primarily for hollow components/forms (though it can additionally
be utilized to create concave and flattened tiles), is affordable, and integrates form
elegance with sophistication as contrasted with alternative constituent fabrication
methods, as illustrated in Figure 3 [1, 27].

A slip-casting slurry requires four primary elements: ceramic particles (ball-milled
to sub-micron small category), desalinated water (in order to assist in meticulous
control of dispersion settings), chemical deflocculant (allows to optimize the propor-
tions of solids and preserve colloidal consistency in the slurry), and organic adhesive
(to provide green toughness) [1, 28].

3. Applications of composite ceramic materials in emerging technologies
3.1 Aerospace and defense

Composite ceramics are used in aerospace and military to make components with
high thermal stability, strength, and wear resistance. Ceramic matrix composites
(CMCs) are used in turbine blades, heat shields, and missile nose cones to endure
severe temperatures and mechanical strains. These materials are lightweight, which
adds to fuel efficiency and increased performance in aeronautical applications.
Composite ceramic materials possess better durability, make the structure lighter
weight, and ensure the highest safety level when used in aerospace industries [29].
Composite ceramic materials have good thermal conductivity, high-temperature
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The different stages of slip-casting containing H,0, ceramic particles, and adhesive, the molded item, dried green
sheet, and ultimately, the internal makeup of the sintered components [1, 27].
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stability, high hardness, high corrosion resistance, and good versatility and are mainly
used in the high-temperature section of the aircraft exhaust nozzle [30].

3.2 Electronics and telecommunications

Composite ceramics’ electrical insulating characteristics aid the electronics sector,
which uses them in substrates, capacitors, and insulating layers for integrated circuits.
The high thermal conductivity of certain ceramic composites also helps with heat
dissipation, which is critical for electronic device reliability. Ceramic composites are
used in telecommunications components like filters, resonators, and antennas because
of their stability and low dielectric loss, which improve signal clarity and transmission
efficiency. Ceramic components are widely used in electronic applications, including
automotive, communications, electrical components, semiconductor devices, Filters,
circulators, oscillators, thermally resilient resonators, isolators, phasing changers, and
antennas made from dielectric resonators are used in microwave and millimeter wave
interactions, as well as radar and sensor systems. They can operate at extreme tem-
peratures, frequencies, and power ratings in hostile environments [1].

Power electronics packaging involves adequate distribution of heat. Copper linked
to ceramic components serves as a heat sink. The housing additionally delivers electrical
linkage to the outside world, protects the integrated circuit from dangerous chemical
species, and allows for chip manipulation. Glass ceramic is the most common type of
ceramic component used in microelectronic packages, Al,Os, beryllia, zirconia, or mag-
nesia. Copper’s strong thermal conductivity allows for fast heat sinking, while AL,O3 has
a high dielectric capacity and so provides good electrical insulation [1, 4-6, 31].

3.3 Biomedical engineering

Composite ceramics are used extensively in biomedical engineering, particularly in
the production of implants and prostheses. Bio-ceramics, such as hydroxyapatite com-
posites, are utilized in bone transplants and dental implants because they are biocom-
patible and encourage bone formation [9]. Ceramic composites’ wear resistance and
inertness make them ideal for joint replacements and other load-bearing implants.
Additionally, the development of bioactive ceramic composites is opening the door to
enhanced delivery mechanisms for drugs and tissue engineering applications. Ceramic
components are used in a variety of biomedical applications, including dental and
hip prostheses, sensors, and implantable devices [9]. Because ceramic nanomaterials
are not subjected to high temperatures, low-temperature adhesive technologies such
as glass ionomer cements, zinc phosphate mortars, and composite resin mortars are
widely utilized to bond to dental ceramics. Ceramic components have gained appeal in
prostheses such as dental implants and orthopedics because of their durability against
wear, strength, biocompatibility, and the ideal balance of stability [1].

3.4 Energy storage and conversion

Composite ceramics play an important role in energy storage and conversion
technologies. Energy storage technologies are used to store solar and wind power,
such as electricity, thermal energy, or mechanical energy, in the form of batteries,
pumped hydro storage, and compressed air energy storage [32]. Solid oxide fuel cells
(SOFCs), which use ceramic electrolytes, provide a highly efficient and ecologically
benign means of generating energy from a wide range of fuels. Ceramic composites

344



Processing and Applications of Composite Ceramic Materials for Emerging Technologies
DOI: http://dx.doi.org/10.5772/intechopen.1007296

are also utilized in batteries, capacitors, and supercapacitors, where their high ionic
conductivity and stability improve energy density and charge/discharge cycles. These
materials are critical for advancing renewable energy technology and developing
sustainable energy systems.

3.5 Environmental applications

Composite ceramics are increasingly used in environmental technologies, includ-
ing filtration and catalysis. Ceramic membranes, for example, are utilized in water
and gas filtration systems because they are chemically resistant and can tolerate
extreme circumstances. Composite ceramics are used in catalytic converters to
support catalysts that minimize hazardous emissions from vehicles and industrial
activities. These materials’ longevity and effectiveness make them indispensable for
resolving environmental issues and fostering sustainability.

Membrane-based components are preferable for environmental applications
because they are faster and less expensive, more adaptable to other processes, and
more selective. Ceramic membranes typically consist of an upper level, a middle level,
and a base layer, resulting in high flexibility and penetration. In membrane applica-
tions, the ceramic support offers mechanical strength to the upper level, a minimal
barrier to filtrate flow, and a middle layer that inhibits penetration [1].

4, Conclusion

The production and application of composite ceramic materials are critical to the
growth of new technologies. These materials provide outstanding performance and
reliability in a variety of applications, including aerospace and biomedical engineer-
ing. As processing techniques progress and new applications emerge, composite
ceramics will become increasingly crucial in influencing the future of innovative
materials and technology. Their adaptability and outstanding qualities make them
indispensable in the pursuit of improved performance, sustainability, and innovation
across multiple industries.

Composite ceramics are an appealing material, resulting in their multiple applica-
tions in biomedical, environmental, and electrical fields. Composite ceramics in
power electronics are a newly developed field with promising applications in high-
temperature cycling due to their reduced lack of switching and increased voltage
failure. They supply a low-resistance transmitting route, a thermal pathway to the
energy sink, and insulation in the wiring and the heat sink.
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