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Preface

In recent decades, the field of materials science has witnessed a surge in the exploration
of advanced ceramics, leading to the development of novel materials with remarkable
properties and diverse applications. Among these, zirconia has emerged as a prominent
player, captivating the attention of researchers, engineers, and professionals across
various industries. The allure of zirconia lies not only in its inherent structural and
mechanical properties but also in its exceptional versatility that extends its application
horizon from health care to electronics. This book, Zirconia — New Advances, Structure,
Fabrication and Applications, is a comprehensive compilation of cutting-edge knowl-
edge about zirconia, its advancements, structural intricacies, fabrication techniques,
and its wide-ranging applications. Each chapter is thoughtfully crafted to provide a
deeper understanding of zirconia, making this book an indispensable resource for
students, researchers, practitioners, and anyone intrigued by the world of advanced
ceramics.

The journey begins with an introductory chapter (Chapter 1) that lays the foundation
for comprehending the significance of zirconia in modern materials science. This
chapter offers a panoramic view of zirconia’s historical evolution, its unique properties,
and an overview of its myriad applications across different sectors. In Chapter 2, the
focus shifts to a detailed exploration of the classification and generations of zirconia.
The evolution of zirconia-based materials is traced through different phases and
compositions, highlighting the progress made in enhancing its mechanical and optical
properties. Chapter 3 delves into the fundamental processes of synthesizing zirconia,
elucidating various methods such as solution combustion synthesis, sol-gel synthesis,
co-precipitation, and hydrothermal and solid-phase sintering techniques. The chapter
also extensively covers the characterization tools and techniques employed to analyze
the structural, morphological, and functional properties of zirconia materials.

Chapter 4 embarks on a journey through the diverse processing techniques employed
in shaping zirconia materials. From powder compaction to sintering and beyond,
this chapter offers insights into the intricate procedures that transform raw zirconia
into functional components with tailored properties. Zirconia’s emergence as a
dental biomaterial has revolutionized the field of restorative dentistry. Chapter 5
delves into the unique attributes of zirconia that make it an ideal candidate for dental
applications, including its biocompatibility, mechanical properties, and aesthetic
appeal. Building upon the foundation laid in the previous chapter, Chapter 6 takes a
closer look at the specific dental applications where zirconia has found substantial
traction. From dental crowns to bridges and implants, the versatility of zirconia in
enhancing oral health care is thoroughly explored. The book culminates with an
in-depth analysis of yttria-stabilized zirconia (YSZ), a prominent subcategory of
zirconia. Chapter 7 elucidates the remarkable properties of YSZ that have led to its
adoption in various high-tech applications, including solid oxide fuel cells, thermal
barrier coatings, and more.



We extend our sincere gratitude to IntechOpen for their enthusiastic and professional
support in bringing this book to fruition. Their dedication to disseminating knowl-
edge has played a pivotal role in making this compilation a reality. As you embark on
this journey through the multifaceted world of zirconia, we hope that the insights and
revelations offered within these pages inspire further innovation and exploration in
the realm of advanced ceramics.

Dr. Uday M. Basheer Al-Naib

Centre for Advanced Composite Materials (CACM),
Faculty of Mechanical Engineering,

Universiti Teknologi Malaysia,

Johor Bahru, Malaysia
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Chapter1

Introductory Chapter: Introduction

to Zirconia Ceramic — A Versatile
and Durable Material with a Wide
Range of Applications

Uday M. Basheer Al-Naib

1. Introduction

Zirconium oxide, also known as zirconia, is a ceramic material that has many
important properties, including high strength, good toughness, and excellent corrosion
resistance [1, 2]. It is a white crystalline material made from the mineral zircon found in
various parts of the world. Zirconia exhibits numerous attributes that hold significance
within industrial applications including use in the manufacture of ceramics, abrasives,
and refractories, and as a structural material in the aerospace and automotive industries
[3]. In addition to its practical uses, zirconia is also known for its beautiful, diamond-like
appearance, which has made it a popular use in jewelry and other decorative items [4].

Zirconia possesses a multitude of distinct properties that render it a compelling
material for a diverse range of applications [5]. With an exceptionally elevated melting
point, zirconia demonstrates remarkable resistance to elevated temperatures and thermal
shocks. Furthermore, its exceptional performance as an electrical insulator and its mini-
mal coefficient of thermal expansion contribute to its resilience against thermal stresses.
Beyond these qualities, zirconia’s notable strength and hardness make it a prime candi-
date for structural applications. Moreover, its pronounced corrosion resistance positions
itasa superb option for deployment in demanding environmental conditions [3].

When it comes to its manufacturing process, zirconia is created by subjecting
zircon sand to exceptionally elevated temperatures within a specialized furnace. This
procedure yields zirconium oxide as the final product [6]. The technique employed is
known as sintering, which yields a compact and durable substance amenable to vari-
ous configurations. Once crafted, zirconium oxide finds diverse applications based
on particular traits and needs. Notably, it finds utility in crafting cutting implements
and components resistant to wear, and it serves pivotal roles within the aerospace,
automotive, and medical sectors. Its biocompatibility renders it valuable for produc-
ing medical equipment, including dental implants and other healthcare devices [7].

2. History of zirconia

Zirconia possesses a captivating and extensive historical background. Its origins
trace back to the eighteenth century, marked by the pioneering work of German
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scientist Martin Heinrich Klaproth. He succeeded in extracting zirconia from the
mineral zircon, an enduringly precious gemstone with a centuries-old legacy [6, 8]. In
the nineteenth century, zirconia was first used as an abrasive, and it was later found
to possess several unique properties that made it useful for a wide variety of applica-
tions. One of the earliest uses of zirconia was in the manufacture of abrasives and it
was used to make grinding wheels and other abrasive tools. In the twentieth century,
zirconia began to be used in ceramic manufacture, and proved to be an excellent
material for use in structural applications due to its high strength and toughness.
Zirconia has also been shown to have excellent corrosion resistance and a low thermal
expansion coefficient, making it an ideal material for use in harsh environments.
Zirconia has continued to be a popular and widely used material in the twenty-first
century [9]. In the medical field, zirconia has been used to manufacture dental
implants, as well as other medical devices such as prosthetics and surgical tools. In
the aerospace industry, zirconia has been used as a structural material due to its high
strength and corrosion resistance. It has also been used in the production of cutting
tools, wear-resistant parts, and other industrial components [10, 11].

3. Structure of zirconia

Zirconia displays polymorphism across varying temperatures, manifesting itself in
three distinct shapes (Figure 1): monoclinic or baddeleyite (from room temperature
up to 1170°C), tetragonal (1170-2370°C), and cubic (2370-2700°C, aligning with its
melting point) [12]. At room temperature, zirconia exists in a monoclinic crystal-
line structure, but it can also exist in other crystalline structures depending on the
temperature and pressure conditions. One of the unique properties of zirconia is that
it can undergo a phase transition from monoclinic structure to a tetragonal structure
under severe stress [13]. This alteration in phase brings about heightened toughness
and ductility in the material, making it an ideal material for use in structural applica-
tions where it may be subjected to high stresses. Beyond its crystalline arrangement,
zirconia’s notable attributes encompass elevated density and hardness, qualities

Crystal Phases of Zirconia
Monoclinie Tetragonal
afb#e a=bzc a=b=c
a=Y=90° a=Y=p=90° a=Y=pg=90°
p=90°
Formation Temperature

\ 1173°
Figure 1.

Structure of zirconia.
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attributed to robust chemical bonds. These characteristics collectively bestow zirconia
with remarkable potency and resilience, positioning it as an optimal choice across an
extensive array of applications [14].

Zirconia boasts an intricate crystalline arrangement, composed of zirconium
oxide molecules arranged in a repetitive pattern [15]. This material exhibits refractory
qualities, indicating a remarkable resistance to chemical reactions and an elevated
melting point. At ambient conditions, zirconia takes on a monoclinic crystalline
structure, characterized by the intersection of two axes at an angle. This configura-
tion remains stable at room temperature and is marked by low density and strength.
Yet, under substantial loads, zirconia can undergo a reversible phase transition, shift-
ing from monoclinic to tetragonal. This phase transition is reversible and occurs when
the material is stressed beyond a certain threshold [16]. The tetragonal structure
exhibits superior density and strength compared to the monoclinic form, and it also
demonstrates greater ductility, rendering it more resilient against cracks and fractures
when burdened. Beyond its crystalline arrangement, zirconia is distinguished by high
density and hardness, attributes attributed to robust chemical bonds within the mate-
rial. These intrinsic characteristics bestow upon zirconia exceptional strength and
endurance, rendering it an optimal choice for a wide array of applications. Moreover,
zirconia functions as an outstanding electrical insulator and exhibits a low coefficient
of thermal expansion, which safeguards it against thermal strains and positions it as
a prime candidate for high-temperature environments [17]. Collectively, zirconia’s
intricate structure bequeaths it with a distinctive amalgamation of traits, establishing
its significance across diverse industries.

Zirconia’s distinct attributes are also influenced by a range of structural properties
[18]. These encompass its microstructure, grain size, and defects. A material’s micro-
structure consists of the arrangement of its atoms and their spatial relationships. In
the case of zirconia, its microstructure can exhibit variability contingent upon the
specific production conditions employed. For instance, when zirconia is manufac-
tured via sintering, its microstructure often assumes a more porous nature, yielding
a heightened surface area. Conversely, the application of hot isostatic pressing yields
zirconia with a denser microstructure and a diminished surface area [19]. Notably,
zirconia’s microstructure holds considerable sway over its attributes, including
strength and toughness [20].

4. Types of zirconia

There are different types of zirconia used in different applications. The most com-
mon types of zirconia include: (1) Monoclinic zirconia: This is the most stable form
of zirconia at room temperature and is widely used in grinding and cutting tools, as
well as in ceramic and refractory applications, (2) Tetrahedral zirconium: This form
of zirconium undergoes a phase transition from monoclinic to tetragonal at a certain
temperature known as the “transition temperature” [21]. Quadrilateral zirconia
has higher strength and toughness than monoclinic zirconia, making it suitable for
applications where these properties are important, (3) Cubic zirconia: This type of
zirconia has a high refractive index and is often used as a substitute for diamond in
jewelry. It is also used in high temperature thermal protection tubes and other grind-
ing and high temperature applications, and (4) Stable zirconia: This type of zirconia
is made by adding small amounts of other elements such as yttrium or magnesia to
improve the stability and strength of the material. Stabilized zirconia is widely used in

5



Zirconia — New Advances, Structure, Fabrication and Applications

abrasive and high temperature applications, as well as in fuel cell electrodes and other
advanced technologies. The type of zirconia used in a particular application depends
on the specific properties and performance requirements for that application [22].

5. Production of zirconia

Zirconia, also referred to as zirconium dioxide, is synthesized through a proce-
dure known as calcination. This process entails subjecting natural zircon, a mineral
containing zirconium, to elevated temperatures in the presence of oxygen [23]. This
chemical reaction transforms zircon into zirconia (Figure 2). The initial stage in
zirconia production involves the extraction of zircon from natural deposits, usually
undertaken within mining operations that involve excavating the earth to access
zircon reservoirs [25]. Once extracted, zircon is purified to eliminate impurities. The
refined zircon is then finely ground and combined with other substances like alumina
or magnesia to generate a uniform mixture. This blend is introduced into a calcination
furnace, where it is subjected to high temperatures (typically around 2000°C) in an
oxygen-rich environment. During this calcination process, zircon reacts chemically
with oxygen, resulting in its transformation into zirconia. Subsequently, the zirconia
powder formed is cooled and collected for subsequent procedures [24]. Following

Figure 2.
The production processes of zirconia [24].
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calcination, additional processing steps, such as pressing and sintering, may be
applied to the zirconia powder. These steps help shape the material into its desired
form while achieving specific properties. Eventual zirconia products find application
across a broad spectrum of uses, encompassing abrasives, ceramics, refractories, and
cutting-edge technologies.

Multiple techniques exist for producing zirconia, with their suitability contingent
upon the distinctive attributes and performance prerequisites of the product. Further
insights into zirconia production encompass:

Following calcination, the zirconia powder can undergo additional refinement via
“hot pressing” or “hot isostatic pressing.” This technique entails pressing the zirconia
powder under elevated pressure and temperature, resulting in a compact, robust struc-
ture with heightened strength and toughness. An alternate method, termed “sintering,”
involves subjecting the zirconia powder to elevated temperatures (typically around 1600
t0 1800°C) in a dedicated sintering furnace. As the powder heats, its particles coalesce,
yielding a consolidated piece characterized by improved density and strength. Beyond
hot pressing and sintering, another avenue for zirconia processing is “reaction bonding.”
In this approach, zirconia powder is blended with a metal oxide like alumina or magnesia,
and the mixture is then subjected to high temperatures. The ensuing chemical reaction
establishes a bond between the zirconia and the metal oxide, yielding a sturdy, fortified
piece with heightened strength and toughness [26]. The selection of a specific zirconia
production method hinges upon the distinct attributes and performance requisites of the
final product [27]. Considerations encompass parameters like density, strength, tough-
ness, and various other properties that influence the optimal manufacturing route.

6. Future developments in zirconia technology

There are several areas of research and development that are focused on advancing
the technology of zirconia. Some potential future developments in zirconia technol-
ogy include [28]:

1.Enhanced Strength and Toughness: Scientists are exploring novel processing
techniques and additives to heighten the strength and toughness of zirconia.
This endeavor aims to render it more apt for applications necessitating structural
integrity and load-bearing capacities.

2. Augmented Corrosion Resistance: While zirconia boasts exceptional corrosion
resistance, researchers are investigating avenues to further enhance this trait. This
could potentially involve the development of fresh coatings or innovative additives.

3.Elevated Electrical and Thermal Conductivity: Zirconia’s prowess as an electri-
cal insulator is recognized, yet researchers are delving into additives or doping
methods to elevate its electrical conductivity for specific applications. Parallelly,
efforts are underway to bolster zirconia’s thermal conductivity, perhaps through
the incorporation of conductive additives or novel processing techniques.

4.Biomedical Innovations: Zirconia holds promise in the realm of biomedicine,
potentially finding utility in medical implants and prosthetics. Researchers are
directing their efforts toward optimizing zirconia’s surface attributes and bio-
compatibility for these medical applications.
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7. Conclusion

Zirconia ceramic emerges as a resilient and versatile substance, renowned for
its multifaceted properties such as elevated melting point, robust strength, notable
toughness, minimal thermal expansion, chemical resilience, and remarkable wear
resistance. This amalgamation of attributes equips it for a diverse array of applications,
spanning industrial and biomedical domains. Its utility encompasses cutting tools,
wear-resistant coatings, dental prosthetics like crowns and bridges, refractory com-
ponents, catalysts, and abrasives. Furthermore, the burgeoning interest in leveraging
zirconia within fuel cell technology is fuelled by its aptitude for oxygen ion conduction
at elevated temperatures. Overall, zirconia stands as a highly advantageous and invalu-
able material, exerting its influence across an extensive spectrum of fields.
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Chapter?2

Classification and Generations of
Dental Zirconia

Ali Dahee Malallah and Nadia Hameed Hasan

Abstract

Zirconium oxide (Zr0O2) is polymorphic (temperature dependent) structure;
zirconia can take three crystallographic forms at ambient pressure. Under normal
conditions, pure zirconia is monoclinic (m). At (1170°C), the substance converts to
a tetragonal crystal structure (t), then to a cubic crystal structure (c) at (2370°C),
and finally to a fluorite structure above (2370°C), melting at (2716°C). During the
heating and cooling cycles, the Zirconium oxide ceramic undergoes a hysteretic,
martensitic t- m transformation, which is reversible at 950°C upon cooling. For dental
applications, various types of zirconium-dioxide (zirconia) materials are available.
These materials have a variety of chemical compositions, crystal configurations,
manufacturing processes, and important variations in their mechanical and optical
properties. Numerous generations of zirconia materials have been developed, ranging
from the use of zirconia crystals as reinforcement elements in zirconia toughened
alumina (ZTA) to partially stabilized zirconia (PSZ) and the conventional (3Y-TZP)
to the appearance of new translucent zirconia materials such as cubic stabilized
zirconia (CSZ).

Keywords: zirconia, monolithic, tetragonal polycrystal zirconia, partially stabilized
zirconia, zirconia in dentistry

1. Introduction

Zirconium (Zr) is a chemical element whose name Zr is taken from the name of
mineral zircon and the name zircon comes from the Persian word “Zar-Gun,” which
means “golden color”Zr is a transition metal with an atomic mass of (91.224 g/mol)
and an atomic number of (40). The melting point of Zr is (1855°C), while the boiling
point is (4371°C). Zr was discovered in 1789 by Martin Heinrich Klaproth, a German
scientist and isolated in 1824 by Swedish chemist Jéns Jacob Berzelius (Gautam et al.,
2016; Nistico, 2021). Helmer and Driskell reported the first biomedical application
of Zr in 1969; however Christel (1988) was the first to use Zr to make a ball head for a
complete hip replacement [1, 2].

Zr is never found in nature as a naturally occurring metal. It occurs naturally in
igneous rocks in combination with other elements such as iron, titanium, and silicon
oxide. The most abundant source of Zr is zircon (ZrSiO4), which is found mostly
in Australia, South Africa, Brazil, India, Russia, and the United States. Many other
mineral species contain Zr, including baddeleyite. Despite the fact that zirconia was
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first used in orthopedics in 1969 for hip head replacement, it was not used in dentistry
until the 1990s. Zirconia-based ceramics such as tetragonal zirconia which is partially
stabilized by yttria have been successfully incorporated into daily dental work to
construct fixed dental prostheses (FDPs) and dental (CAD/CAM)system based on
their excellent biological, mechanical, and physical properties. Many endeavors,

on the other hand, have undergone numerous improvements in composition and
microstructure in order to improve their optical properties without minimizing their
mechanical properties [3-5].

Zirconia is a non-etchable polycrystalline material as it has no glassy phase within
its structure that can be bonded to tooth structures using both traditional and resin
cements; however, resin cements are favored because they have a great marginal seal,
better retention, and improved ceramic fracture resistance. Zirconia -based ceram-
ics are conventionally used as substructure materials that require a veneer facing
for clinically acceptable appearance due to their high opacity and whitish optical
appearance with excellent biocompatibility and lower the risk of pulp irritation that
may occur due to the lower thermal conductivity. Ceramic facing, on the other hand,
has some drawbacks, such as poor tensile strength and crack toughness. Porcelain is
vulnerable to cracking when stressed due to intrinsic flaws in the crystal structure and
the presence of voids. As a result, veneer chipping has been described as a major cause
of failure and the most common complication in all-ceramic crowns [6, 7].

A new generation of zirconia, known as “monolithic zirconia,” has recently been
introduced. Monolithic zirconia restorations, according to the manufacturers, hasa
higher translucency than conventional zirconia and therefore does not need a veneer
layer. Monolithic zirconia restorations can have a number of clinical advantages.
Without the use of a veneer, the amount of tooth loss and the risk of chipping are
reduced, as well as the restorations’ actual strength will be increased [8, 9].

2. Classification of zirconia

Over the past 20 years, there have been more varieties of dental zirconia, making
it occasionally challenging to select the right kind for each restoration. Utilizing CAD/
CAM technologies, it is now possible to create dental restoratives with extremely pre-
cise fitting owing to advancements in digital technology. Metal-free restorations are
also appealing for biological and cosmetic reasons. For dental applications, various
types of zirconium-dioxide (zirconia) materials are available. These materials have a
variety of chemical compositions, crystal configurations, manufacturing processes,
and important variations in their mechanical and optical properties. Numerous gen-
erations of zirconia materials have been developed, ranging from the use of zirconia
crystals as reinforcement elements in zirconia toughened alumina (ZTA) to partially
stabilized zirconia (PSZ) and the conventional (3Y-TZP) to the appearance of new
translucent zirconia materials such as cubic stabilized zirconia [10, 11]. Figure 1 is
showing recent classification of yttria stabilized zirconia.

Zirconia can be classified according to the following criteria into:

2.1 Zirconia microstructure

The monoclinic phase of pure zirconia (ZrO2) is stable at ambient temperature,
while the tetragonal and cubic crystal phase systems change with temperature. When
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Figure 1.
Structural schematic diagram and classification of yttria-stabilized dental zirconia [10].

zirconia is solidly dissolved in yttrium(Y), calcium (Ca), magnesium (Mg), cerium
(Ce), or other ions with an ionic radius larger than that of zirconium (Zr), and
accordingly divided into [12]:

2.1.1 Partially stabilized zirconia (PSZ)

The tetragonal and cubic phase systems become stable at room temperature when
zirconia is solidly dissolved in yttrium (Y), calcium (Ca), magnesium (Mg), cerium
(Ce), or other ions with a greater ionic radius than that of zirconium (Zr) [1, 13].
Cubic-stabilized zirconia (CSZ) is the cubic phase zirconia that is stable at room
temperature when yttria (Y203) is introduced in amounts greater than 8 mol%.
Tetragonal and cubic phases are mixed at room temperature when yttria is 3 to
8 mol%, and this material is known as partially stabilized zirconia (PSZ). Tetragonal
zirconia polycrystal (TZP), also known as toughened zirconia, is zirconia that is close
to 100% tetragonal at room temperature when yttria is approximately 3 mol%. This
3 mol% yttria tetragonal zirconia polycrystal (3Y-TZP) was one of the earliest zirconia
used as “white metal” in dentistry [10].

2.1.2 Fully stabilized zirconia (FSZ)

It is a cubic zirconia that includes no less than 8% yttrium oxide(Y203), hence the
term “fully” stabilized zirconia (FSZ). presenting tetragonal and cubic crystals on its
microstructure, being totally inert to the aging in autoclave because cubic zirconia
does not exhibit the t/m transformation toughening phenomenon. The volume of
cubic crystals is greater. They are less firmly bonded and, as a result, have increased
light scattering at the grain boundaries due to reduced residual porosity. Additionally,
incident light is emitted more uniformly in all spatial directions because the cubic
crystal structures are more isotropic than the tetragonal structures. To increase the
translucency of dental zirconia, several producers have recently started producing it
in its full cubic stabilized form (due to increased cubic phase) [14-17].
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2.2 Zirconia used with porcelain facing or not
It can be divided into:
2.2.1 Monolithic (full contour restoration)

The terms “monolithic” is Greek word that means: mono is “single” and “lithos”
is “stone,” This indicates that the materials have a consistent appearance. As micro-
structures, monolithic materials consist of two or more phases such as in zirconia
it has three phases monoclinic, tetragonal and cubic phases. With the continuous
development of new and more translucent Y-TZP and the advancement of CAD-CAM
technology that facilitate the fabrication of monolithic Y-TZP crowns and FDPs.
These systems aim to eliminate the problem of veneering porcelain chipping and
provide acceptable esthetics with characterization, which may be an esthetic option
in the molar area without a reduction in strength. Full-contour zirconia restorations,
however, do not have adequate translucency because the matrix and zirconia particles
have different refractive indices. To produce restorations with great translucency and
to achieve zirconia’s mechanical qualities, a number of brands of monolithic zirconia
have been introduced. To increase zirconia’s translucency, a full cubic stabilized
monolithic zirconia (FSZ) has been produced. Comparing newly developed Y-TZP
monolithic materials to traditional zirconia, the translucency has enhanced and
low temperature degradation has been limited due to the materials’ lower alumina
content, relatively fine grain size, and presence of optically isotropic cubic zirconia
particles. A monolithic multilayer zirconia has been developed. It is a polychromatic,
translucent zirconia with combined shade and translucency gradient [18-20].

2.2.2 Core build up (veneered with porcelain facing)

A high strength ceramic substructure made of zirconia or alumina is the foundation
of bi-layered crowns, which are then veneered with ceramic or dental porcelain such as
feldspathic porcelain. Despite having good esthetic qualities, the resulting restorations
are prone to failure, such as chipping of the veneering ceramic. An alternative approach
is to eliminate the veneer and produce a full contour monolithic zirconia crown but the
possibility of wearing the opposing natural teeth is still a concern. Furthermore, the
potential loss of strength brought on by low temperature aging or degradation (LTD),
which may be induced in an aqueous environment. By completely covering the zirconia
restoration with a ceramic veneer, it can prevent it from coming into direct contact with
the oral cavity and potentially prevent this occurrence [20, 21].

2.3 Colored and non-colored zirconia

Dental zirconia has changed over the past 20 years from its original white, opaque
appearance to translucent and chromatic as well as polychromatic (multi-layered)
forms. Zirconia has become as the most versatile restorative material, offering a wide
spectrum of translucency and colors.

2.3.1 Non dyed (monochromatic white)

Non dyed blanks have a hard-white monochrome color, which can be an esthetic
disadvantage in many indications. The restorations milled in the white body condition
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can be manually and individually colored with coloring oxides after the milling
process and sintered afterwards to overcome this drawback. The form-milled open-
pore framework is immersed in the suitable colored liquid for a brief period of time to
dye it. Alternatively, brushes can be used to create color gradients that are comparable
to various colored liquids of varying intensities. The sintering procedure is performed
after removing the excess remaining color while it is still wet and drying the frame-
work. Utilizing liner or stain is another way to make white zirconia more esthetically
beautiful [17].

2.3.2 Dyed polychromatic (multilayer)

Construction of polychromatic zirconia in the form of a gradational multilayered
zirconia disc with two to seven or even more layers of color, mimicking the appear-
ance of layered porcelain in full-contour monolithic restorations, and the creation
of zirconia blanks with multiple, different shaded layers make full-contour zirconia
restorations more esthetically pleasing than those made with conventional monochro-
matic zirconia. After sintering, full-contour zirconia restorations with esthetics that
outperform monochromatic restorations can be obtained. The Katana Multi-Layered
zirconia by Kuraray Noritake Dental Japan was the first polychromatic zirconia to be
introduced to the dental market in February 2015. They are intended for the produc-
tion of full contour zirconia crowns with a greater level of esthetics. Since then, virtu-
ally every significant dental company has introduced their own version of multi-layer
zirconia [20, 22].

2.4 Fully sintered or partially sintered zirconia blanks
2.4.1 Fully sinteved or hot isostatic procedure (HIP)

Performed by a hot isostatic press at 1000 bar and 50°C below the sintering
temperature at 1400-1500°C under high pressure and an inert gas atmosphere to
reduce the material porosity and ensure high values of toughness and translucency of
zirconium ceramics by such procedure. Carrying out HIP on Y-TZP results in a gray-
black material that usually requires subsequent heat treatment to oxidize and restore
whiteness. Then, a specially designed milling system used to machine the blanks, but
with a low machinability and high hardness of a fully sintered Y-TZP, such milling
system has to be particularly robust [23, 24].

2.4.2 Partially sinteved or cold isostatic pressing

With cold isostatic pressing, the powders are shaped into ceramic blanks. The
powder of the partially sintered blanks typically contains a binder that enhance
its pressing, but during the step of a pre-sintering it will be eliminated. The most
widely used procedural method for Y-TZP shaping is cold isostatic pressing, which
yields stable, chalk-like non-sintered green-stage objects with a very high primary
density. Sintering without pressure in the oxidizing atmosphere of a specific
furnace allows the green objects to be further stabilized and condensed up to
approximately 95% of their theoretical density., the pre-sintering temperature of
the heat treatment effects on the machined blank roughness, a higher pre-sintering
temperature gives a rougher surface, so the choice of a proper pre-sintering
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temperature will be thus critical. These materials remain softer than the HIP zirco-
nia and are easier to mill [24].

2.5 Zirconia generations
2.5.1 First genevation

The first generation of 3 mol% yttria (3Y-TZPs) had flexure strengths greater than
1 GPa and contained 0.25 wt% alumina (A1203) as a sintering aid. However, that
zirconia displayed considerable opacity, due to the inherent birefringence of noncubic
zirconia phases as light is scattered at the grain boundaries, pores, and additional
inclusions. They were primarily used as framework materials in posterior and anterior
fixed dental prostheses (FDPs) and porcelain-veneered crowns [25, 26].

2.5.2 The second generation

The alumina content of the second iteration of 3 mol% yttria (3Y-TZP), used in
dentistry was reduced from 0.25 wt% to 0.05 wt%. The 3Y-TZP with 0.05 wt% alu-
mina is more translucent than the 3Y-TZP with 0.25 wt% alumina, but because there
is less alumina to stabilize the tetragonal phase, it is more prone to low-temperature
degradation. Some confusion in nomenclature has occurred as both 0.05 wt% alu-
mina- containing 3Y-TZP and 5 mol% yttria-stabilized zirconia polycrystal (5Y-ZP)
have been called “translucent zirconia”; however, these zirconia materials have differ-
ent mechanical and optical properties [26, 27].

2.5.3 The third genevation

The third iteration of dental zirconia is doped with 5 mol% yttria, which creates
a partially stabilized zirconia with around 50% cubic phase zirconia is produced.
Zirconia’s cubic phase is isotropic in many crystallographic directions, which reduces
the amount of light scattering at grain boundaries. The cubic zirconia thus seems
more transparent. Since stabilized cubic zirconia does not change at room tempera-
ture, it will not degrade at low temperatures or undergo transformation toughening. It
has diminished mechanical qualities but will not change with time [26].

2.6 Zirconia according to mol% concentration of yttria
2.6.1 3 mol% yttria-partially stabilized zirconia (3Y-PSZ)

Mechanical and optical properties of zirconia depend on the yttria mol% content.
Of all the several forms of zirconia, 3Y-PSZ has the greatest values for opacity, flexural
strength, and fracture toughness. The material’s high color value and opacity restrict
its use to posterior restorations [26].

2.6.2 4 mol% yttria-partially stabilized zirconia (4Y-PSZ)

4Y-PSZ zirconia has translucency and mechanical properties in between 3Y-PSZ zirco-
nia and 5Y- PSZ zirconia making it an attractive in between material for esthetic zone [26].
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2.6.3 5 mol% yttria-partially stabilized zirconia (5Y-PSZ)

5Y-PSZ zirconia has enhanced translucency, but reduced mechanical properties
[26]. Table 1 is showing zirconia by the yttrium content and its effect on physical and
mechanical properties.

3. Zirconia ceramics for dental applications

The following are the three most common forms of zirconia used in dentistry
today [1]:

a. Tetragonal zirconia polycrystals doped with yttrium cation (3Y TZP)

Traditional 3Y-TZP zirconia is the most commonly used zirconia material in
bilayered dental restorations as a substitute for the metal substructure. The 3Y-TZP is
the toughest zirconia material currently available in dentistry. As a stabilizer, 3Y-TZP
contains 3 mol% Yttria (Y,0;). The stabilizer Y** cations and Zr** ions are distributed
randomly over the cationic sites, but electrical neutrality is attained by creating
oxygen vacancies [29].

The mechanical properties of 3Y-TZP are highly influenced by the particle size.
3Y-TZP becomes less vulnerable to spontaneous tetragonal to monoclinic (t-m)
transformation when the particle size is less than (1 p). Furthermore, the transforma-
tion is not possible below a certain particle size (0.2 p), resulting in decreased fracture
toughness. A particle size greater than (1 p), on the other hand, makes 3Y-TZP less
stable and more vulnerable to spontaneous t-m transformation, resulting in huge
volume increase and a decrease in fracture toughness. As a result, it appears that the
critical particle size for 3Y-TZP is 1(p) [30].

According to this, the sintering conditions that result in an increased particle size
have a significant effect on the final ceramic product’ stability and strength. Larger
particle sizes result from higher sintering temperatures and longer sintering times.
Depending on the producer, the final sintering temperatures of 3Y-TZP range from
(1350 to 1550C). Furthermore, the particle size and phase stability of 3Y-TZP used
in dental applications can be affected by variations in sintering temperatures during
firing [30-32].

b.Partially stabilized zirconia doped with magnesium cation (Mg-PSZ)

The quantity of magnesium oxide in commercial materials ranges from 8 to
10 mol%. To control the fracture toughness of Mg-PSZ, high sintering temperatures
(1680 and 1800 C) and tightly controlled cooling cycles are required. Because of the
less stable molecular composition of this material, early t-m transition may occur,
leaving insufficient tetragonal zirconia for the material to transform and toughen
upon further fracture formation. Lower mechanical properties are the outcome of
the higher prevalence of the monoclinic form. Due to the existence of surface poros-
ity associated with a large particle size (30-60 p), magnesium stabilized zirconia
(Mg-PSZ) has not been widely used in biomedical applications due to the risk of
excessive wear [1].
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3Y-TZP: Opaque Zirconia

4Y-TZP: Some Translucency

5Y-TZP: Most Translucency

High mechanical properties

High mechanical properties

High mechanical properties

White opaque

Some Translucency

4Y-TZP: High translucency

Low temperature degradation

Decreased low temperature
degradation

Little or no low temperature
degradation

Mainly tetragonal phase

Tetragonal and cubic phases

More Cubic less tetragonal phases

Table 1.
Defining zirconia used in dentistry by the yttrium content and its effect on physical and mechanical
properties [28].

c.Zirconia toughened alumina (ZTA)

Another way to take advantage of stress-induced zirconia transformation is to
use zirconia toughened alumina (ZTA), which is composed of an alumina matrix
and zirconia. The commercially accessible dental product In-Ceram Zirconia
(VidentTM, Brea, CA) was developed by adding 33 vol.% of 12 mol % ceria-stabi-
lized zirconia (12Ce-TZP) to In-Ceram Alumina. Slip casting or soft machining may
be used to create In-Ceram Zirconia restorations. Increased porosity is likely related
to In-Ceram zirconia’s lower mechanical properties as compared to 3Y-TZP dental
ceramics [33].

4. Zirconia microstructure

Zirconium oxide (ZrO,) is polymorphic (temperature dependent) structure;
zirconia can take three crystallographic forms at ambient pressure. Under normal
conditions, pure zirconia is monoclinic (m). At (1170°C), the substance con-
verts to a tetragonal crystal structure (t), then to a cubic crystal structure (c) at
(2370°C), and finally to a fluorite structure above (2370°C), melting at (2716°C).
During the heating and cooling cycles, the Zirconium oxide ceramic undergoes
a hysteretic, martensitic t- m transformation, which is reversible at 950°C upon
cooling [2, 34]. Figure 2 is showing Crystallographic phases of zirconia and
temperature hysteresis.

Monoclinic phase (m) is a deformed prism with parallelepiped sides that has
lower mechanical properties and may lead to a reduction in the cohesion of ceramic
particles [35].

Tetragonal phase (t): is a straight prism with rectangular sides that possesses
increased mechanical properties. Precipitation of a finely dispersed tetragonal phase
within a cubic matrix, capable of being changed into the monoclinic phase when the
matrix’s pressure was alleviated by a crack propagated within the matrix [35].

Cubic phase (c): in the shape of a square-sided straight prism has a large grain
size, which reduces light scattering and birefringence at grain boundaries. The
cubic phase of zirconia is isotropic in different crystallographic directions, which
reduces light scattering at grain boundaries. The cubic zirconia becomes more
transparent as a result. At room temperature, stabilized cubic zirconia does not
transform, so it will not undergo transformation toughening or low-temperature
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Figure 2.
Crystallographic phases of zirconia, temperature and hysteresis [2].

degradation. In other words, it has weakened mechanical properties but will not
change over time [28, 35].

5. Generations of zirconia in dentistry

There are four main generation of zirconia in dentistry and new multilayer novel

generation of zirconia:

21

1

ii

i.

ja

ja

(First generation 3Y-TZP 0.25A1,0;): this was introduced about two decades
ago. Zirconia crystals are partly stabilized with 3 mol % yttria (4.5-6 percent
by weight of Y,0;). Owing to the presence of alumina, it is opaque. When
green-state zirconia is put in the furnace, alumina is applied as a sintering aid
to help prevent the formation of pores [7, 35].

ii. (Second generation 3Y-TZP 0.05 Al,O;): this was introduced between 2012

and 2013. The zirconia crystal structure is partly stabilized with 3 mol percent
yttria (Y,03), but altered by providing a lower volume of aluminum oxide
(ALO;) with smaller Al,O; grain sizes and re-positioned in the zirconia matrix.
Since there is a less alumina to stabilize the tetragonal phase, it is more prone to
low-temperature degradation [28].

i. (Third generation 5Y-TZP 0.05 Al,O;): Between 2014 and 2015, a new cat-

egory of translucent zirconia materials, also known as Anterior Zirconia, High
Translucent Zirconia, or Cubic stabilized Zirconia (CSZ), was developed to
overcome the translucency limitation. The translucency of the new materials
is produced by increasing the yttria content from 9 to 10% by weight, which
results in the production of 50% cubic phases at the expense of the metastable
tetragonal phase at the microstructural level. With increasing cubic phase par-
ticle size, the substance becomes more porous, resulting in less light scattering
at grain boundaries and hence increased translucency [18].
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In comparison to the previous two generations of zirconia materials, those cubic
zirconia materials exhibit optical qualities that are comparable to those of glass
ceramics. However, on a material level, the high translucency obtained by increasing
the yttria level reduces the material’s intrinsic mechanical properties to a significant
degree. As a result, cubic zirconia materials have a flexural strength of around half
that of standard 3Y-TZP materials (approximately 600 MPa) [18, 28].

iv. (Fourth generation 4Y-TZP 0.05 Al,0;): as mentioned before 4Y-PSZ zirco-
nia has a translucency and mechanical properties that fall between 3Y-PSZ
zirconia and 5Y-PSZ zirconia, making it an appealing material for the esthetic
region [26].

v.Novel Multilayer zirconia

Construction of zirconia blanks with several, differently-shaded layers and
creation of polychromatic zirconia for more esthetic full-contour zirconia restorations
than conventional monochromatic zirconia in the form of a gradational multilayered
zirconia disc with two to seven or even more layers of color, simulating the appear-
ance of layered porcelain in a full-contour monolithic restorations. Full-contour
zirconia restorations with superior esthetics to the monochromatic restorations can be
obtained immediately after sintering [15].

This multi-layered technology uses only pigmentation to simulate the shade-
gradient of natural teeth while maintaining the same yttria percentage in the zirconia
blank, resulting in a color gradient with no difference in flexural intensity between
the enamel and dentin layers [23, 36].

What could be called the age of the next generation of modern multi-layered
transparent zirconia materials has begun in the last years. These materials (for
example, IPS e.max ZirCAD Prime and Katana Multi-Layer) comprise two to four lay-
ers of varying translucency inside the same product. This is accomplished by a novel
manufacturing procedure that blends two zirconia materials (3Y-TZP and 5Y-TZP) to
create a single unique material. By lowering the cubic content of the previous genera-
tion to a balanced level with 3Y-TZP, these new materials achieve a balance of strength
and esthetics [36, 37].

A multi-layered technology was introduced by combining two generations of zir-
conia (combination of two different percentages of yttia) in one blank with the aim of
combining the benefits of both generations of zirconia. This is mainly a combination
of a high-flexural-strength 3Y-TZP in the dentin/body region to enhance flexibility
and a high-translucency 5Y-TZP in the incisal or occlusal region to improve esthetics.
Even the 5Y-TZP, which has the lowest flexural strength of the zirconia generations,
possessed superior mechanical qualities and a translucency comparable to lithium
disilicate ceramics [7, 38].

6. Clinical applications of zirconia in dentistry

The construction of veneers, full and partial coverage crowns, implants, fixed par-
tial dentures (FPDs), posts and/or cores, implants, and implant abutments are among
the range of zirconia’s modern clinical applications. Extra-coronal attachments, surgi-
cal drills, cutting burs, and orthodontic brackets are a few additional zirconia-based
auxiliary components that are offered as commercial dental products [39].
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6.1 Zirconia crown

Space, para-functional habits, malocclusion, short clinical crowns, tooth mobility,
tooth inclination considerations, and basic clinical sequence are all the same as they
are for other all-ceramic crowns. The tooth preparation clinical guidelines for zirconia
crowns are also the same as those for metal-ceramic restorations.

An appropriately constructed diamond set is typically used to accomplish the
tooth preparation for a zirconia crown, which should give a desirable distribution of
the functional stresses. In general, 1.5 mm to 2.0 mm of incisal or occlusal reduction
and 1.2 mm to 1.5 mm of axial reduction are needed to prepare a tooth for a zirconia
restoration. All dihedral angles should be tapered, and the axial convergence angle of
the crown preparation should be around 6 degrees. The preparation should end with
a uniform 0.8 mm to 1.2 mm subgingival (about 0.5 mm) deep chamfer or marginal
shoulder with rounded internal angles [39]. Figure 3 is showing a full coverage of 12
maxillary single zirconia crowns.

6.2 Zirconia fixed partial denture

In comparison to other traditional all-ceramic systems like lithium-disilicate glass
ceramics and zirconia-reinforced glass-infiltrated alumina, Y-TZP FPDs were found
to have a significantly higher load bearing capacity. It has also been reported that
veneering further increased fracture resistance [39, 40]. The most recent framework
material for the production of all-ceramic FPDs in either anterior or posterior sites is
Y-TZP, which is based on the superior mechanical qualities of zirconia (such as high
flexural strength and fracture resistance) [41]. Figures 4 and 5 are showing zirconia
framework in anterior and posterior regions respectively.

6.3 Zirconia as post and core

Meyenberg et al. reported using zirconia in post-and-core systems for the first time
in 1995. They found no failure after an average observation period of 11 months [42].
Since then, zirconia posts (ZPs) have emerged as a potential treatment option for teeth
with reduced structural integrity and filled roots teeth, particularly for patients with
high esthetic needs. Because there are different observation periods, post surface treat-
ments, cement systems, tooth preparation designs, and post designs, the success rate of
ZPs in the literature ranges greatly, from 81.3%2 to 100%18. In order to prevent rotation
of the posts and cores, for instance, the length of the posts should be prepared to be
longer than that of the clinical crowns [43]. Additionally, the structural integrity of the
root-filled teeth must have a ferrule with a minimum height of 1.5 mm to counterbal-
ance the lateral forces experienced during post insertion, the wedging effect of posts,
and the functional lever forces [44-46]. these restorations also have some problems. For
instance, the high elastic modulus may lead to a less uniform stress distribution through-
out the tooth, and complications such as tooth fracture and post debonding still exist
[47]. Figure 6 is showing all-zirconia post and core of a maxillary left endodontically
treated lateral incisor (tooth 12)) where Laboratory work performed by Mr. F Ferraresso
(Saluzzo, Italy) and Dr. SO Koutayas (Corfu, Greece).

6.4 Zirconia implants titanium

Zirconia is emerging as a promising alternative to conventional Titanium based
implant system for oral rehabilitation with superior biological, esthetic, mechanical
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Figure 3.
A total of 12 maxillary single zirconia crowns (teeth 16 to 26). Top: full coverage preparation of the abutment
teeth. Middle: Zirconia. Bottom: final clinical situation after crown adhesive cementation [39].
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Figure 4.
Anterior six-unit zirconia fixed partial denture vestoration (teeth 13 to 23). Top: Zirconia framework in situ.

Middle: Zivconia framework after laboratory completion. Bottom: Final clinical situation after cementation [39].
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Figure 5.
Posterior four-unit zirconia fixed partial denture vestoration (teeth 47 to 44). Top: Zirconia framework. Middle:

Zirconia framework after laboratory completion. Bottom: final clinical situation after cementation [39].
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Figure 6.

Sifgle crown restoration of a maxillary left endodontically treated lateval incisor (tooth 12) with the use of an
all-girconia post and core: a) initial situation after endodontic treatment b) prefabricated zirconia post with core
analogue model, c) two- piece all-zirconia post and core after milling of a Y-TZP core d) bonding of the post and
core restoration using an adhesive vesin (Panavia 21, Kuraray), e) completion of the tooth preparation, f) final
clinical situation after crown placement [39].

and optical properties [48]. To date, there are five commercially available zirconia
implant systems on the market. One- and two-piece designs are offered by only one
system (Sigma, Incermed, Lausanne, Switzerland), whereas one-piece designs are only
offered by CeraRoot, CeraRoot Dental Implants, Barcelona, Spain; Z- Look3, Z-Systems,
Constance, Germany; whiteSKY, Bredent Medical, Senden, Germany; and zit-z, Ziterion,
Uffenheim, Germany. A customized zirconia root-analogue implant with a micro- and
macro-retentive implant surface was also described in a recent clinical trial, but neither
the zirconia material nor the milling machine were fully explained [49]. Zirconia implants
do not have any clinical long-term data despite some encouraging preliminary clinical
results. 93% of survival rate after one year, according to reports (189 one-piece implants,
Z-Systems) [50] 98% (66 one-piece implants, Z-Systems), [51] and 100% (one-piece
implants, CeraRoot) [52]. Figure7 is showing: Zirconia implant supported zirconia crown
(tooth 12) where laboratory work performed by Mr. W Woerner (Freiburg, Germany).

6.5 Zirconia implant abutment

In the most recent systematic review, published in2013, Bidra and Rungruanganunt
compared the survival, mechanical, biological, and esthetic outcomes of implant
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Figure7.
Zirconia implant supported zirconia crown (tooth 12. Top: Zirconia implant placement after tooth extraction.
Middle: 4 months later; placement of vetraction cord prior to impression. Bottom: after final cementation of

zirconia crown [39].
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abutments (Tiand Zir). Due to greater color integration, they came to the conclusion that
Zir abutments were preferred from an esthetic standpoint, especially for patients with thin
mucosal tissues. They had improved gingival color, according to a recent analysis of their
esthetic outcomes, and Zirconia had comparable soft-tissue recession, probing depths,
bleeding on probing, marginal bone level, and patient reported outcomes as Ti [53, 54].
Zirconia abutments, however, had greater mechanical issues than Ti abutments. Therefore,
the main obstacle to the widespread application of Zir abutments is their lack of mechani-
cal strength [55]. Figure 8 is showing zirconia prefabricated implant abutment of an upper
right lateral incisor (tooth 12) where Clinical and laboratory work performed by Dr. SO
Koutayas (Corfu, Greece) and Dr. D Charisis (Athens, Greece), respectively.

6.6 Zirconia dental auxiliary components

different zirconia-based auxiliary components such as cutting burs and surgical
drills, extra-coronal attachments, and orthodontic brackets are also available as com-
mercial dental product [39, 56].

6.6.1 Zirconia ovthodontic brackets

Orthodontic brackets made of Y-TZP are stronger, more resistant to wear and defor-
mation, less likely to adhere plaque, and more esthetically pleasing. Additionally, they
share the same frictional qualities as polycrystalline alumina brackets and show good
sliding properties with both stainless steel and nickel-titanium arch wires [56, 57].

6.6.2 Zirconia prefabricated zirconia attachments

The use of Prefabricated zirconia attachments in clinical applications is based
on the material’s durability and strength. The literature on clinical performance
and effectiveness, however, is nonexistent. There are currently two different types
of Y-TZP attachments available on the market: an extracoronal, cylindrical, or ball
attachment for removably attached partial dentures, and a ball attachment for over-
dentures that is a part of a zirconia post (Biosnap, Incermed) and is available in three
diameters for three levels of retention (Proxisnap, Incermed) [39].

6.6.3 Zivconia cutting and surgical instruments

Newly created zirconia cutting instruments (such as drills and burs) can be
employed in soft tissue trimming, maxillofacial surgery, implantology, and other
fields. These tools have been shown to be resistant to chemical corrosion, and they
provide maximum cutting efficiency while operating smoothly and with less vibra-
tion. Lastly, alumina-toughened zirconia (ATZ) can be used to create surgical equip-
ment such as scalpels, tweezers, periosteal elevators, and depth gauges using injection
molding (Z- Look3 Instruments, Z-Systems) [39].

7. Conclusions

It is obvious that zirconia is continuous developing and growing ceramic material
for wide applications in dentistry from the traditional core or framework material
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ﬂ‘f

Figure 8.

Single implant all-ceramic crown vestovation with the use of a zirconia prefabricated of an upper right lateral
incisor (tooth 12). Top: abutment connection. Middle: Zirconia abutment after laboratory modification and Ti
screw. Bottom: final clinical situation after crown adhesive cementation [39].
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to the newly developed monolithic multilayer zirconia Dental zirconia continues

to increase and is classified into many species in the yttria system alone. They are
classified with yttria content, monochromatic/polychromatic, uniform/hybrid
composition, and monolayer/multilayer. Zirconia with a higher yttria content is more
translucent and less strong mechanically. Zirconia applications seem to consolidate a
well-established position in clinical dentistry, due to the improvements in CAD/CAM
technology and to the material’s exceptional physical properties. Existing clinical
studies demonstrated a promising survival potential regarding tooth-supported
restorations therefore, a suitable zirconia should be selected depending on whether
strength or esthetics are desired. Therefore, it is concluded that an adequately selected
zirconia is a suitable material because of its mechanically, esthetically, and biologi-
cally excellent properties. Zirconia abutments provide a favorable bioesthetic addition
to implant dentistry, however, long-term clinical assessment is needed for accurate
evaluation of implant-supported zirconia restorations.

Acknowledgements

Great thanks to the college of dentistry/university of Mosul/Iraq for their continu-
ous support and encouragement.

Conflict of interest

The authors declare no conflict of interest.

Abbreviations

3Y-HA conventional TZP stabilized with 3-mol% yttria and added with a
relatively high content of alumina (0.25-0.5 wt%)

3Y high translucent TZP stabilized with 3-mol% yttria and added with a
relatively low content of alumina (less than 0.05 wt%)

4Y high strength PSZ stabilized with 4-mol% yttria and added with a
relatively low content of alumina (less than 0.05 wt%)

5Y high translucent PSZ stabilized with 5-mol% yttria and added witha
relatively low content of alumina (less than 0.05 wt%)

6Y super high translucent PSZ stabilized with 6-mol% yttria and added
with a relatively low content of alumina (less than 0.05 wt%)

M3y polychromatic multilayered 3Y

M4Y polychromatic multilayered 4Y

M5Y polychromatic multilayered 5Y

Mé6Y polychromatic multilayered 6Y

M3Y-5Y polychromatic multilayer with hybrid composition from 3Y to 5Y

M3Y-4Y polychromatic multilayer with hybrid composition from 3Y to 4Y

M4Y-5Y polychromatic multilayer with hybrid composition from 4Y to 5Y
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Chapter 3

Zirconia: Synthesis and
Characterization

Bincy Cyriac

Abstract

Main resource of zirconia is the mineral zircon which occurs in beach sand and
placer deposits. Alkali fusion and thermal plasma dissociation are the frequently
adopted procedures to convert zircon to zirconia. Synthesis of different zirconia
phases (monoclinic, cubic, and tetragonal) can be accomplished by the precise control
of different operating parameters and stoichiometry of the reagents. Mesoporous and
nano-zirconia which find wide application in catalysis and electronics are synthesized
by different methods like solution combustion synthesis, sol-gel synthesis, hydro-
thermal synthesis, co-precipitation, and solid-phase sintering. Recently, biosynthesis
of zirconia has taken a quantum leap due to environmental concerns. The synthesized
zirconia is characterized by various chemical, physical, and instrumental methods to
find out composition, crystal structure, size, and morphology.

Keywords: zircon, zirconia, plasma dissociated zircon, synthesis of zirconia,
characterization of zirconia

1. Introduction

Zirconia (ZrO,) is one of the important materials which finds wide usage
depending on its purity and crystal structure in various fields such as ceramics,
refractories, electronics, and others. Diversified applications of zirconia as a high-
technology material for industrial applications are due to its superior mechanical,
thermal, electrical, chemical, and optical properties [1]. It is an ideal material for the
production of ceramics, electronic materials, and pigment due to the combination of
properties like hardness, strength, high melting point, and biocompatibility. Zirconia
ceramics have excellent biocompatibility with the human body, a property which
helped it to replace alumina for prosthesis devices in hip joints, femoral ball beads,
and dental implants. Optically clear cubic zirconia, known as synthetic diamond, is
widely used in jewelery.

Zirconium oxide exhibits three well-defined crystal structures, i.e., monoclinic,
tetragonal, and cubic (Figure 1) [2]. The monoclinic phase is stable up to 1170°C, and
above this temperature it is transformed into tetragonal phase. The tetragonal phase is
stable up to 2370°C and then transforms to the cubic phase, which is stable up to the
melting temperature of 2680°C. On cooling to the transformation temperature, the
structure reverts back to the original phase [3]. Out of these, tetragonal to monoclinic
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Figure 1.
Crystal structures of ZrO2: (a) cubic, (b) tetragonal, and (c) monoclinic. Red and blue spheres correspond to
oxygen and zirconium atoms, respectively.

transformation is of great importance due to large volume change. This volume
reduction is very advantageous for improving strength and toughness of ceramics.

Baddeleyite (ZrO,) is the naturally occurring zirconia, and it occurs in carbonatite
rocks [4]. However, the major source of zirconia is its silicate mineral zircon (ZrSiO,),
and it mainly occurs as a constituent of beach sand and placer deposits along with
rutile, ilmenite, and monazite. Beach sands of Australia, India, Brazil, and USA are
rich in zircon. In terms of zirconia, world reserves of zirconium are around 64 million
tones. Australia (35%) is the major producer of zircon followed by South Africa
(28%), USA, and Mozambique (7% each) [5]. In placer deposits, zircon occurs as a
major constituent along with ilmenite, rutile, and quartz, while the minor constituents
are sillimanite, garnet, and magnetite. Zircon is separated from beach sands and placer
deposits by physical beneficiation method as given in Figure 2.

Zircon has the general composition of 67% zirconia and 32.8% silica. Zircon is
zirconium hafnium silicate mineral with general formula (Zr, Hf)SiO,. Zircon usually
contains some hafnium, typically about 1%. Table 1 gives the chemical composition of
Egyptian zircon.
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Figure 2.
Physical beneficiation of beach sand [6].
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Oxide % Composition
ZrO, 61.9
Sio, 30.6
Fe,03 33
HfO, 12
ThO, 0.56
Na,O 0.12
MgO 0.18
ALO; 0.87
Cr,05 0.043
U504 0.039
Table 1.

XRF analysis data of chemical composition of Egyptian zircon [8].

Zircon is chemically very stable. Zircon is considered a refractive material due to
its low coefficient of thermal expansion and high melting point. Extraction of zirco-
nium, zirconia, and other products from zircon requires rigorous chemical and ther-
mal treatments to break the bonds between ZrO, and SiO, (Figure 3) [1]. A variety of
techniques have been proposed for the extraction of zirconia from zircon.

Figure 3.
Crystal structure of zivcon [7].
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2. Decomposition of zircon

The two major routes used for the decomposition of zircon are chemical and
thermal process.

2.1 Chemical process

The chemical decomposition is divided into different categories based on the
reagents used as fluxes. They are fused with:

1.Sodium hydroxide (caustic soda) [6, 8-11].
2.Sodium carbonate [12].

3.Calcium oxide and magnesium oxide [13].
4.Calcium carbonate (lime) [14].

5.Carbochlorination [15].
2.1.1 Fusion with sodium hydroxide

This is the widely adopted commercial method for the extraction of zirconia from
zircon sand. In this method, zircon is fused at 600°C with caustic soda to produce
sodium zirconate (Na,ZrO3) and sodium silicate (Na,SiO3) (eq. 1):

ZrSiO4 + 4NaOH — Na,ZrOs{ + Na,SiO; + 2H,0 1)

Water-soluble sodium silicate is removed by washing, and the residual sodium

zirconate is treated with hydrochloric acid to produce zirconyl oxychloride (ZrOCl,-
Z0C) (eq. 2):

Na,ZrO3 + 4HCI — ZrOCl, + NaCl + 2H,0. )

Zirconium oxychloride obtained is further acidified to precipitate it as zirconium
oxychloride crystals:

ZrOCly) + 8H,0 + HCl — ZrOCl,.8H,0(s) + HCL (3)

The residual solids are separated by filtration which contains mainly sodium
zirconate, hydrous zirconia, and some silica. This residue is dissolved in 5 M HCl at
90°C to obtain a clear solution of zirconium oxychloride. The zirconium oxychloride
obtained is neutralized with ammonia to precipitate zirconium hydroxide which in
turn on calcination at 900°C gives pure zirconia, assaying >99.5%, with a monoclinic
structure.

Flow sheet of alkali fusion of zircon is given in Figure 4.

2.1.2 Fusion with sodium carbonate

In this method, zircon is fused with sodium carbonate at 1100°C for several hours
in an electric furnace to produce sodium zirconium silicate (Na,ZrSiOs):
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Figure 4.
Flow sheet for alkali fusion of zircon [16].

ZI'SiO4 + Na2C03 - Na2ZrSi05 + COz (4)

Sodium zirconium silicate reacts with excess of sodium carbonate to form sodium
zirconate and sodium silicate according to the eqn:

NaZZrSiOs + N212C03 — Na22r03 + NaZSiO3 + C02 (5)

Sodium zirconate remaining after the washing is treated with HCl to produce
zirconium oxychloride crystal (ZOC) which in turn is converted into zirconia.

2.1.3 Fusion with calcium oxide and magnesium oxide

This method is mainly adopted for the preparation of cubic zirconia. Mixtures of
zircon and CaO/MgO in the same molar ratio are fused at 1200°C. The complete
disintegration of zircon produces zirconia (ZrO,) and calcium magnesium silicate
according to the equation:

ZxSi0O4 + CaO + MgO — ZrO, + CaMgSiO, |, . (6)

Leaching of the fused mass with hydrochloric acid removes the silica totally. The
zirconium oxychloride obtained upon calcination gives cubic zirconia. The tempera-
ture and the composition of CaO and MgO play an important role in the concentration
of cubic and monoclinic zirconia obtained. At lower percentage of CaO/MgO mixture,
monoclinic zirconia content increases whereas at higher CaO/MgO percentage cubic
zirconia increases. The fusion of zircon with CaO and MgO separately results in the
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formation of monoclinic zircon, while their combination in the same molar ratio as
zircon produces cubic zircon. At a lower temperature of 1200°C monoclinic zirconia
content increases, while at 1400-1500°C cubic zirconia content increases.

2.1.4 Fusion with calcium carbonate (lime)

This method is not an industrial method for the decomposition of zircon. Zircon on
fusion with lime and subsequent cooling, produce a very fine powder of calcium
silicate and coarse crystals of calcium zirconate enabling the physical separation of the
two an easy process:

27rSi04 + 5CaCO3 — 2CaZrOs + (Ca0),(Si0;,), + CO,. 7)

Calcium zirconate is converted into ZOC by treating with HCL

2.1.5 Carbochlorination

This reaction takes place in a chlorinator. Zircon is heated with chlorine gas at
1100°C by induction heating of the graphite walls of chlorinator. Products, consisting
of zirconium tetrachloride, silicon tetrachloride, and carbon monoxide, which are in
gas phase are cooled down to 200°C:

ZrSiO4 + 4Cl + 4C — ZrCly + SiC4 + CO. (8)

On cooling, zirconium tetrachloride solidifies first followed by silicon tetrachloride
facilitating their separation. Zirconium tetrachloride is converted into zirconium
oxychloride on treatment with water.

Zircon decomposition by alkali fusion has the capability of large-scale production
and high efficiency, in comparison with chloride and lime sintering method. But in the
former method the temperature profile and atmospheric control inside the furnace
plays a crucial role. Silica carryover to zirconium fraction increases at high tempera-
ture. Once the sodium silicate is extracted from the sodium zirconate and dissolved in
hydrochloric acid, two distinct routes can be followed to precipitate various zirconium
chemicals. The most common route is to precipitate zirconium oxychloride crystals
(ZOC), with subsequent purification from all contaminants (crystal route). Less
known is the process (liquid route) that involves the direct precipitation of zirconium
basic sulfate (ZBS). This route will yield a less pure product, with contaminants such
as silica and titanium. An important factor in this route is the prevention of silica gel
formation, which could hamper final product filtration.

2.2 Thermal decomposition of zircon

Even though chemical decomposition by alkali fusion at very high temperature is
the time-tested method for the extraction of zirconia from zircon, it has certain
shortcomings. High treatment cost, complexity of the process, and environmental
issues associated with effluent treatment are some of them. These drawbacks com-
pelled the search for cost-effective and environmentally friendly alternatives for
zircon decomposition. The promising thermal plasma technology offers a one-step
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alternative for this conversion. Use of thermal plasma dissociation for the decomposi-
tion of zircon was carried out first by Wilks and co-workers in 1966 [17]. Zircon is
dissociated to ZrO, and SiO, when heated above 1700°C [18, 19] as expressed by the
following reaction:

ZI‘SiO4 — ZI‘O2 + 8102 (9)

The above reaction is reversible and the oxides recombine to form the silicate on
cooling. However, if zircon is heated to temperatures exceeding 1900°K and the
reaction products are quenched rapidly, the reversible reaction is prevented. Recom-
bination of products back to zircon is prevented by rapid cooling. The silica can be
separated from the product by simple acid or alkali leaching to get pure zirconium
oxide [20]. For thermal plasma decomposition, a direct current non-transferred argon
arc plasma torch is used to generate plasma [21, 22]. The thermal dissociation is
thermodynamically reversible, and both oxides recombine to form the silicate [19].
But if the cooling rate is fast enough (quenched) the recombination is avoided, and the
product of the dissociation is known as plasma-dissociated zircon (PDZ). During the
heating process, the zirconium silicate crystal structure re-arranges into amorphous
silica and zirconium oxide phases. On fast cooling, amorphous glassy silica matrix
entraps the fine zirconium oxide particles which can be easily disintegrated by acid
attack. At high temperature, the stable zirconia phase is the tetragonal zirconia (t-
Zr0O,) as inferred from phase diagram of zirconia (Figure 5). The resulting tetragonal
zirconia during the cooling might transform into monoclinic zirconia which is the
stable phase at room temperature [23]. Plasma decomposition of zircon is greatly
affected by forward power, plasma and carrier gas flow, and location of power feed
port.

The microstructure of PDZ is influenced by the cooling rate after melting
which depends strongly on the initial zircon particle size [24]. Thus, relatively
slow cooling results in spherulitic crystals of monoclinic ZrO, in SiO, glass,
whereas the rapid cooling gives extremely fine (< 10 nm) crystals of tetragonal
ZrO, crystals in glassy silica matrix. Major advantages of thermal plasma processing
over conventional methods are the ability of plasma reactors to attain high energy
density and high temperatures, ability to control the processing atmosphere,
increased reaction kinetics, eco-friendly nature of the process, the rapid cooling
rate which prevents back reaction, and adaptability to process a variety of
materials [25].

Plasma thermal dissociation processes have undergone a variety of process changes
to obtain zirconia with high purity and definite crystal structure. Low-power trans-
ferred arc plasma (TAP) in which air is used as plasma gas instead of conventional
argon gas renders the process cost-effective [24]. Carbothermal plasma dissociation in
which coke is added to zircon during plasma dissociation is another adaptation.
Energy consumption and overall operating cost of production are drastically reduced
by these processes compared to conventional methods which are energy-intensive and
expensive [21]. In flight, removal of silica is achieved in carbothermal plasma dissoci-
ation [26]. The thermally aided dissociation process becomes a thermo-chemically
driven reaction at a much lower temperature. Another major feature is that the oxides
of Al, Fe, and Ti and Mg that are present as impurities in zircon mineral are
completely removed as vapor during plasma processing.
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Phase diagram of zircon [23].

3. Alternate methods for the synthesis of zirconia

The above-mentioned procedures are used generally for the synthesis of macro- or
micro-crystalline zirconia which is mainly used as ceramics due to its hardness,
abrasiveness, high melting point, and low frictional resistance. At nanoscale, it
becomes immensely valuable owing to its high thermal stability, luminescence,
refractive index, chemical stability, high specific area, biocompatibility, and ability to
exhibit significant antibacterial, antioxidant, and antifungal properties. Such out-
standing characteristics have motivated the scientific community to explore
zirconia-based nanomaterials in a wide range of technological fields as functional
materials, viz., catalysts [27], sensors [28], semiconductor devices [29], ceramics [30],
and implants [31]. Apart from that, it can also be employed as a dielectric,
electro-optic, and piezoelectric material due to its favorable optical and electrical
properties. Zirconia nanoparticles are synthesized by chemical and physical methods.
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3.1 Chemical methods for the synthesis of nano-zirconia

Important chemical methods used for the synthesis are solution combustion syn-
thesis (SCS), sol-gel synthesis, hydrothermal synthesis, and co-precipitation.

3.1.1 Solution combustion synthesis (CSC)

Solution combustion synthesis (SCS) has been widely used for the synthesis of
metal oxides with desired morphology. This involves the complex exothermic reac-
tions in solution between fuel which is an organic compound and zirconium metal
solution. SCS is a self-sustained redox reaction initiated by a source of energy (thermal
or electric) between a fuel and an oxidant (usually metal nitrates) [32]. The fuel is
typically composed by organics containing carbon and hydrogen that facilitate the
liberation of heat by the formation of CO, and H,0 during the combustion process.
The metal precursors are the source of the metal cations which decides the final metal
oxide. One of the methods for the synthesis of zirconia nanopowders is by annealing
stochiometric mixtures of zirconium oxy nitrate hydrate in alcohol and urea [33].
Nanocrystalline zirconium oxide powder has been prepared by the glowing combus-
tion method using sucrose as the fuel and zirconyl nitrate as an oxidant in aqueous
solution [34]. Solution combustion synthesis is an attractive technique for the prepa-
ration of ZrO, nanopowders and thin films, owing to its simplicity, energy and time
savings, cost-effectiveness, versatility, and higher purity compared to conventional

methods [35].

3.1.2 Sol-gel synthesis

Sol-gel synthesis is the stepwise formation of metal oxide nanoparticles in which
the sol or colloidal solution of solid particles formed first is transformed into a gel
which is an interconnected network of polymerized metal oxide in a solvent. Drying
of the gel results in aerogels having nanocrystalline size [36]. For the preparation of
zirconia by sol-gel process, zirconium alkoxide in alcohol (precusor) is hydrolyzed
with ammonia. Resultant sol is stirred continuously until the gel is formed. The gel
formed is dried in conventional oven or by supercritical drying methods. Supercritical
drying produces aerogels with smaller size compared to conventional drying methods:

Zr (OC3Hy), + CsH;OH + NH,OH — Zr (OH), (sol) + C;H,0OH + NH;.  (10)
Zr (OH) s,y (on polycondensation) — [Zr(OH),], .xC3H;OH.xH,O0. (11)
[Z+(OH),] . .xCsH;0H.xH,0 (110°C) — Zr(OH), + C3H;,OH + H,0.  (12)

Zr (OH), (400°C) — ZrOyx) (500 — 700°C) — ZrOy) + ZtOx) (13)

In this method, the reactivity of the precursors can be modified using chelating
agents, which influence the gelation and ultimately the modification of the size and
shape of the particles. The different chelating reagents that have been employed for
the preparation of nano-zirconia are acetylacetone, acetic acid, citric acid, and differ-
ent sugars (e.g., sucrose, maltose, and glucose). The advantages of sol-gel synthesis
over other techniques are the ease in controlling the purity, homogeneity, and physi-
cal characteristics at low temperature [37].
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3.1.3 Hydvothermal synthesis

Hydrothermal method for the synthesis of nanocrystalline zirconia is usually car-
ried out by heating a mixture of precursors (zirconium compounds) with appropriate
reagent which are reducing/oxidizing/hydrolyzing in a suitable solvent in a closed
vessel [31, 38]. This method ensures the production of nanocrystals with definite
morphology, crystal structure, stability, and size. In some methods, surfactants are
added to the mixture to avoid agglomeration. Agglomeration can be further elimi-
nated by hydrothermal corrosion methods. This method involves the use of corroding
mediums such as sulfuric and hydrochloric acid to break down the hard agglomerate
to dispersed fine nanoparticles. By carefully adjusting the reaction parameters, zirco-
nia with definite crystalline structure and required size can be obtained. By introduc-
ing suitable dopants at the synthesis stage, zirconia with different physical properties
can be synthesized. By introducing Eu® during the synthesis of cubic zirconia, white
light-emitting nano-zirconia is produced which can be used in light-emitting diodes
and electronic flashes [39]. Zirconia nanocrystals with different size can be synthe-
sized by careful control of reaction parameters and concentration of reactants.
Spindle—/rod-like structures are synthesized by this method [40]. Surfactant-assisted
hydrothermal synthesis of zirconia produces thermally stable zirconia crystals with
different morphology [41]. Surfactants such as cetyltrimethylammonium bromide
(CTAB), sodium dodecyl sulfate (SDS), and Triton X-100 are generally used for this
type of synthesis. By tuning the reaction conditions during synthesis, definite phase
composition and morphology can be achieved (Figure 6).

3.1.4 Microwave-assisted hydvothermal synthesis

This is another method for the synthesis of nano-zirconia. The advantages of this
method over the other methods are volumetric heating (the entire volume of solution
is evenly heated, instead of relying on heat diffusion processes across the reaction
vessels) and short reaction time (reaction time can be as short as a few minutes) [42].
Moreover, the accurate control of morphology and crystal structure is possible by
adjusting microwave parameters. Different zirconia phases can be obtained by
adjusting pH, temperature, reaction time, pressure, and the precursor used [43]. In
this method, microwave digestion of stochiometric composition of zirconia percussor,

90°C/12hrs
ZtO(NO,), + NH,0H ————————— Zr(OH)2. CTAB + ZrO(OH)(NO,) + NH40H
: CTAB CTAB complex

Calcination

Mesoporous
nanocrystalline
ZrO2

Figure 6.
Surfactant-assisted nano-zirconia synthesis [41].
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generally a zirconyl compound (e.g., zirconyl chloride, zirconyl hydroxide, zirconyl
nitrate hydrate, and zirconium alkoxides) and an alkali generally sodium hydroxide is
carried out at specified temperature and pressure.

3.1.5 Co-precipitation technique

This is an easy method for the synthesis of zirconia nanoparticles. Co-precipitation
method is a promising alternative to other methods due to its inherent simplicity,
ecological compatibility, precise stoichiometry, structural control, and large-scale
production. However, size, shape, and dispersion of powders prepared by this method
depends strongly on precipitants used [44]. Hence, the selection of appropriate pre-
cipitating reagent is the most important factor in co-precipitation method. Ammo-
nium hydroxide (NH,OH), ammonium bicarbonate (NH,HCO3), ammonium
carbonate [(NH,4),COs3], sodium hydroxide (NaOH), and urea are the typical pre-
cipitants used in precipitation method. pH of the precipitating medium has significant
influence on the homogeneity and composition of the precipitate [45]. Precipitants are
added to zirconium precursor, typically zirconium oxychloride or nitrate at a con-
trolled rate. As the critical solution concentration of the zirconium hydroxide is
reached, nucleation starts followed by growth phase. Zirconium hydroxide on calci-
nation gives zirconia nanoparticles. Morphology of the nanoparticle obtained can be
controlled by the ratio of the reactants and calcination temperature [46]. Surface area
of the zirconia prepared by this method depends on nature of the precursor, rate of
addition of base, pH of the solution, and presence of surfactants and organic anions
like oxalate and citrate [47]. At an increased calcination temperature, size of the
crystal and its agglomeration increased.

3.2 Solid-phase sintering

In this method, precursors are mixed and milled in a high-intensity ball mill. Meso-
porous zirconia with worm-like structure is obtained by milling zirconyl chloride
mixed with block polymer surfactant along with sodium hydroxide. The mixture is
autoclaved and allowed to crystallize [48]. Sintering method is used for the densifica-
tion of the material. Preparation parameters have strong influence on the structure of
zirconia synthesized. Pore structure changes from microporous to mesoporous with
change in parameter. A controlled grain size with good densification can be achieved
by proper selection of heating schedule. Densification of powders prepared by chem-
ical vapor methods can undergo one step sintering at 1000°C. Powders prepared by
solution technique cannot be sintered at a lower temperature. Sintering process
depends on mass transport mechanism [49]. Four underlying mechanisms of sintering
are surface diffusion, spread throughout volume boundary, evaporation, and conden-
sation. Temperature and residence time of the material under sintering are decisive in
particle size and bond strength. The smaller the particle size, greater will be the bond
strength due to the increased contact between the particles (Figure 7).

3.3 Biosynthesis of zirconia

Biosynthesis is a greener approach to zirconia synthesis which helps to enhance its
biocompatibility and reduce the environmental concerns. This process involves the
synthesis of zirconia nanoparticles by reducing, stabilizing, and capping of the metal
precursor using natural and renewable agents like microbes and plant parts [51-55].
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Biosynthesis of zirconia [56].

Major steps involved in this process are reduction and stabilization. There are intra-
cellular and extracellular pathways adopted for reduction. In intracellular pathway,
metal ion is transported into the cell by interaction with the negative receptors of the
cell wall. The enzymes of the cell cause the reduction of metal. In extracellular
synthesis, zirconium ions are reduced by an enzyme — nitrate reductase. After the
reduction, the zirconia nanoparticles are formed via nucleation, aggregation, and
growth (Figure 8). The protein species released by the cell wall act as capping agents
which stabilize zirconia nanoparticles [56].

4, Characterization of zirconia

Characterization is the essential requirement to understand the physical, chemical,
structural, and morphological properties of a newly synthesized material. Characteri-
zation involves the identification of different components present in the material,
their quantification, structural elucidation, and identification of morphological prop-
erties of the material. Quantification of different components in zirconia is carried out
by chemical procedures and by instrumental techniques like X-ray photoelectron
spectroscopy (XPS), wavelength-dispersive X-ray fluorescence spectroscopy
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(WD-XRF), and laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS). Structural elucidation is carried out by instrumental techniques like X-ray
diffraction (XRD) spectroscopy, Fourier-transformed infrared spectroscopy (FTIR),
N2 adsorption measurements, and Raman spectrometry. Morphology of synthesized
material is usually assessed with scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy (AFM).

4.1 Chemical characterization of zirconia

Complete chemical characterization of zirconia is the quantification of elements
present in zirconia. Multielement analysis of zircon samples is usually carried out by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) or inductively
coupled plasma mass spectroscopy (ICP-MS) after the quantitative dissolution [57].
Zirconia being a highly refractory material, quantitative decomposition of the material
cannot be accomplished by usual acid decomposition procedures. Fusion of zirconia
with sodium carbonate, sodium metaborate, and lithium metaborate are reported
methods for complete dissolution. Microwave-assisted digestion of zirconia with a
mixture of hydrofluoric acid, sulfuric acid, and hydrochloric acid is also used for
decomposition of zirconia. Once in solution state, the concentration of elements is
determined by either ICP-AES or ICP-MS. Electrothermal vaporization inductively
coupled plasma mass spectrometry (ET-ICP-AES) in presence of a modifier is an
effective method for the characterization of high-purity zirconia [58]. ICP-MS has also
been used for the single-particle analysis of zirconia colloids in water [57]. Laser
ablation inductively coupled plasma mass spectrometry is an excellent technique for
the chemical characterization of zirconia samples.

4.2 X-ray photoelectron spectroscopy

Surface chemical characterization of zirconia is carried out using XPS. XPS also
known as electron spectroscopy for chemical analysis (ESCA) is a quantitative spectro-
scopic technique which gives valuable information on the surface elemental composi-
tion and chemical state of the components of the material under study [59]. XPS
provides surface analysis data and the average depth of analysis for an XPS measure-
ment is approximately 5 nm. XPS is typically accomplished by exciting a samples surface
with mono-energetic Al ka or Mg Ka X-rays which prompts the emission of photoelec-
trons from sample surface. An electron energy analyzer is used to measure the energy of
the emitted photoelectrons. From the binding energy and intensity of a photoelectron
peak, the elemental identity and chemical state of the element can be determined.
Surface defects can be inferred from chemical state of the elements on the surface.
Wide-scan spectrum, core-level spectrum, and the upper valence band (UVB) spectrum
are the major analysis modes used for characterization in XPS. The wide-scan spectrum
gives elemental information of the surface. Figure 9a shows the wide-scan spectrum of
zirconia. It shows peaks corresponding to Zr and oxygen. Presence of any peak other
than that of Zr and O, shows contamination or doping. Figure 9b shows the core-level
spectrum of zirconia. XPS core-level peaks are used to obtain information on the chem-
ical state of the surface, and crystalline phase. Figure 10 gives the Zr-3ds,, Zr-3d3/», and
O-1 s core-level peaks of thin films of zirconia with different oxygen content. The
chemical shift observed in the films with higher oxygen content corresponds to different
oxidation state of zirconia. Peak shift in core-level peaks, Zr-3ds/», Zr-3d3/», and O-1's of
Figure 11 corresponds to phase change.
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Figure 9.
The wide-survey scan spectrum (a) and Zr 3d core-level XPS spectra (b) of zirconia [60].
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Figure 10.

(a) Core-level Zr 3d (XPS) spectra of bulky metallic ([O/Zr] = 0.07), partially oxidized films ([O/Zr] = 0.25 and
[0/Zr] = 0.9) thin oxide films([O/Zr] = 1.3) with different oxidation states: Zr° for metallic, Zr**, Zv**, Zr>* for sub-
oxides and Zr** for stoichiometric oxide. (b) Core-level O1s spectra (XPS) for the corvesponding Zr3d spectra [61].

Identification of different crystalline phases by shift in core-level peaks is
extremely difficult as the variation in crystal structure does not produce large shift in
the core levels. However, by analyzing the valence band of XPS, phase transformation
data can be obtained. Figure 12 shows the upper valence band XPS (UVBXPS) spec-
trum of zirconia surfaces grown by dry thermal oxidation in the temperature range
300-450°K. Oxide films grown below 400°K are predominantly amorphous, and
formation of tetragonal phase starts above this temperature. There is a pronounced
change in the shape of upper valence band spectra with increase in oxidation temper-
ature. This can be attributed to the gradual change in the formation of tetragonal
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Figure 11.
XPS spectra of (a and b) tetragonal and (c and d) monoclinic zirconia films annealed at 650°c and 850°c [62].
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Figure 12.
XPSUVB spectra of thermally grown ZrO, films at temperatures 300°K and 450°K [63].

phase (increase in crystallinity) with temperature above 400°K. Change in the shape
of the spectra with crystallinity is due to the increase in Zr-O bond ionicity and
changes in the first coordination spheres of both Zr and O.

53



Zirconia — New Advances, Structure, Fabrication and Applications

4.3 Fourier-transformed infrared spectroscopy (FTIR)

FTIR spectrum is an effective tool for the identification of functional groups present
in a molecule [64]. When infrared radiation passes through a molecule, it causes
changes in the dipole moment of the molecule which corresponds to a definite vibra-
tional energy. Since every functional group is composed of different atoms and bonds
with different bond strengths, frequencies of vibrations are unique to individual groups
and classes of functional groups (e.g., O-H and C-H stretching frequency appear around
3200 cm ™' and 2900 cm*, respectively). Since the collection of vibrational energy
bands for all the functional groups of a molecule is unique to every molecule, these
peaks can be used for identification using library searches of comprehensive sample
database. FTIR spectrum of ZrO, nanoparticles and surfactant-modified zirconia are
shown in Figure 13. The absorption peak at 608 cm ™' corresponds to Zr-O stretching
vibrations. A shift in the position of this peak is observed in the surfactant-modified
zirconia. Two extra broadbands at 1607 cm™ " 1nd 1400 cm ™ " in the spectra of surfactant
modified ZrO, are attributed to the bending vibration of C-H bonds.

4.4 BET surface area analysis

Brunauer-Emmett-Teller (BET) surface area analysis is used to measure total sur-
face area, total pore volume, and pore size distribution of a material [64]. In this
method, multipoint analysis of analytes-specific surface area (m*/g) is measured
through gas absorption analysis. When inert gases like N2 is flown over the solid
sample, the gas molecules absorb on to analyte surface and in pores due to the weak van
der Waals forces forming a monolayer of gas on the surface. After the adsorption layers
are formed, the sample is removed from the nitrogen atmosphere and heated to release
the adsorbed nitrogen from the material and quantified. The data obtained is used to
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Figure 14.

BET adsorption desorption curve for zirconia nanoparticles [66].

plot the BET isotherm which is a plot of amount of gas adsorbed as a function of
pressure. At normal temperatures, the interaction between solid and gases is minimal,
and the sample surface is cooled with liquid nitrogen to obtain appreciable adsorption.
Surface area is calculated using BET equation from the adsorption branch of isotherm,
and pore size distribution was calculated from desorption branches using the Barrett-
Joyner-Halenda (BJH) method [64]. Figure 14 shows the BET adsorption—desorption
curve of ZrO, nanoparticles. The surface area and size of the nanoparticle obtained
from this curve are 44m?/ g and 24 nm, respectively [66].

4.5 X-ray diffraction spectroscopy (XRD)

Powder X-ray diffraction is a method used for the identification of crystalline
structure and phases of a material [67]. When X-rays interact with crystalline sam-
ples, they are diffracted at a particular angle which satisfies Bragg’s equation (n\
=2dsin®) which gives the relation between wavelength of electromagnetic radiation to
the diffraction angle and the lattice spacing in a crystalline sample. The diffracted X-
rays are detected, processed, and counted. By scanning the sample through a range of
26 angles, all possible diffraction directions of the lattice are obtained due to the
random orientation of the powdered material. Conversion of these diffraction peaks to
d spacing by comparing it with standard reference patterns allows the identification of
crystalline structure. Quantitative characterization of lattice defects and relative stress
endured by the crystals can also be elucidated by XRD. As zirconia exists in three
different crystalline structures, ascertaining the crystalline phase of the newly syn-
thesized material is the most important part of the characterization of zirconia. Crys-
talline structure of synthesized zirconia depends on so many factors like temperature
of calcination, pH of synthesis, and the reagents used. Figure 15 shows ZrO,
nanoparticles synthesized at different temperatures (400, 500, and 600°C). The well-
defined peaks at 20 = 30.2, 35.0, 50.4, 60.0, and 62.7°correspond to the diffractions of
the (101), (110), (200), (211), and (202) crystalline planes of cubic zirconia. The
shape of the peaks at 35.0, 50.4, and 60.0° are slightly asymmetric, suggesting the
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Figure 15.
XRD patterns of ZrO, NPs synthesized at different temperatures [68].

formation of a tetragonal phase. The shoulder at 20 = 34.5° is due to the diffraction of
the (002) crystalline plane of tetragonal phase zirconia. The appearance of peaks
corresponding to tetragonal and cubic phase in the XRD spectrum on increasing the
temperature from 400 to 600°C gives a clear indication of the conversion of amor-
phous to crystalline form with increase in temperature.

4.6 Raman spectroscopy

Raman spectroscopy is a powerful, nondestructive, user-friendly technique to
determine the surface characteristics and subsurface damages. This technique is based
on Raman effect which in-elastic scattering process which occurs when an incident
photon interacts with phonons in the material [69]. When the photons of a particular
wavelength interact with the vibrating phonons of the materials, the light is scattered
at a frequency and the difference in frequency between the incident and the scattered
light provides the information of the lattice vibrations. Raman vibrational spectra
provides a structural finger print for the molecular identification. Raman spectra of
the molecules are widely influenced by the microstructural changes and impurities in
the molecule. Hence, the information from Raman spectra like band position, shift,
and intensity can be used to characterize the defects and subsurface damages induced
by crystal growth. Raman spectra obtained from the instrument gives information on
molecular vibrations and crystal structure of materials [70]. Raman spectra of the
crystalline molecules satisfy energy conservation rule, wave vector conservation, and
polarization selection rule. But if there are some defects and damages in the crystal,
this will induce a reduction in symmetry and breakdown of the selection rules will
take place. This may give rise to fresh bands in the Raman spectra or broadening of
spectra. A change in the Raman spectra is observed when a material is strained or
crystal structure of the material is changed [71].

Raman peaks are widely used to identify different crystalline phases of zirconia.
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Figure 16.
Raman spectra of different phases of zirconia [72].

Figure 16 shows the Raman spectra of monoclinic (A), tetragonal (B), and
partly tetragonal partly monoclinic (C) zirconia phases. The two sharp peaks at
142 cm ™' and 256 cm-" corresponds to tetragonal phase. Another two bands at
around 316 cm ™' and 460 cm " also correspond to tetragonal phase. The
monoclinic phase shows two sharp peaks at 178 cm ™' and 190 cm ™.
Broadband at 384 cm-' also corresponds to monoclinic structure. Partially transformed
zirconia of an overlap of bands corresponding to tetragonal and monoclinic phases are
observed. Monoclinic phase content (Vi) of zirconia samples can be evaluated by the
following formula which was first proposed by Clarke and Adar [73]:

Im189
Vm — [m178 Im178 + Im189,
m = Im178 + 5 o 145 + Trae0) | /8 +1m18Y

where I'm and It are the intensity of the peaks corresponding to monoclinic and
tetragonal phases at different wavenumbers, respectively.

4.7 Scanning electron microscopy (SEM)

Scanning electron microscope is a powerful tool for the two-dimensional topograph-
ical imaging. The high-energy electrons emitted from the surface of a material after
being exposed to a highly focused beam of electrons from an electron gun are used to
produce high-definition images with a resolution of 20 to 0.4 nm [74]. There are two
modes electron analysis each one giving different information. Backscattered electrons
give contrast based on the different chemical composition across an image. Secondary
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electrons which are emitted close to the surface of the sample give information on
surface topography. Most of the SEM instruments are equipped with energy-dispersive
X-ray spectroscopy which is based on the characteristic of X-rays emitted (which is
unique to each element) by the element when exposed to an electron beam. A semi-
quantitative data of chemical composition of the sample is obtained by this method.
Surface morphology of zirconia synthesized by different methodologies has different
characteristics which are ascertained by SEM data. Figure 17 shows the SEM data of
zirconia with EDS spectra. Peaks in EDS spectra give qualitative data of the material
synthesized. Energy-dispersive X-ray spectroscopy (EDS) spectra of pure zirconia show
the peaks corresponding to Zr and oxygen. Presence of other peaks can be attributed to
dopants, impurities, and incompletely removed reagents. Figure 18 shows the agglom-
erated zirconium oxide powder. Figure 19 shows SEM data of zirconia before and after
ball milling at two different magnifications. Surface characteristics of the two are dras-
tically different at 50-pm magnification. However, magnification at 300 nm shows

v
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Figure 17.
SEM image and EDX spectra of freshly synthesized zirconia [75].
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Figure 18.
SEM picture of agglomerated zivconium oxide powder [76].

Figure 19.
SEM picture of zirconia before (a) and after (b) ball milling [77].

essentially same surface characteristics. It is inferred from this data that morphology of
zirconia remains unaffected even after ball milling.

4.8 Transmission electron microscopy (TEM)

Transmission electron microscopy data provides topographical and morphological
information about specimens using energetic beam of electrons [78]. When a high-
energy electron beam is allowed to pass through a thin slice of a material, the electrons
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interact with atoms of the material. TEM offers a powerful magnification of the order
of a million times. A resolution up to 0.05 nm can be achieved by TEM. The highly
detailed images provide valuable insight into elemental and compound structure,
leading to provide information on surface features, shape, size, and structure. TEM
offers valuable information on the inner structure of the sample. Figure 20 shows the
TEM data of nanocrystalline zirconia synthesized by sol-gel method. Figure 21 is the
in situ TEM data of zirconia under heavy ion irradiation. Crystalline materials can be

10 nm

Figure 20.
TEM image of zirconia nanoparticle synthesized by sol-gel method [79].

Irradiation-induced void | Irradiation-induced grain i Irradiation-induced phase
formation growth transformation

Pre-irradiation
0 dpa

Post-irradiation
10 dpa

Fresnel contrast TEM | Band contrast TKD Phase map TKD

Figure 21.
In situ TEM images of ZrO, before and after ion irradiation [80].
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Figure 22.
Particle size and distribution zirconia nanoparticles by AFM [81].

(a)

(b)

(d) (e)

® (@)
Figure 23.

AFM images of zirconia ceramics after different surface treatments. (a) APA, (b) 10F5, (c) 10F30, (d) 20F5,
(e) 20F30, (f) 30F5, and (g) 30F30.
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made amorphous by ion irradiation. Appearance of voids and phase transformation is
observed in the TEM data after ion irradiation.

4.9 Atomic force microscopy (AFM)

Atomic force microscopy is a powerful tool to characterize the surface of a material
down to atomic scale. AFM can be used to obtain nanoscale chemical, mechanical,
electrical, and magnetic properties. AFM offers the three-dimensional visualization of
individual particles and group of particles. This is a very good tool to elucidate the
surface roughness and grain size and shape of zirconia nanoparticles and ceramics.
Figure 22 is an AFM image that shows shows the size of three-dimensional arrange-
ment of zirconia nanoparticles [81].

Figure 24.
SEM images of zirconia ceramics after different surface treatments. (a) APA, (b) 10F5, (¢) 10F30, (d) 20F5, (e)
20F30, (f) 30F5, and (g) 30F30.
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Tetragonal zirconia used in dental implants are coated with resin. Adhesiveness of
the resin to zirconia increases with roughness of ceramic surface. Surface roughness of
zirconia ceramics can be increased by either physical abrasion or chemical etching
with hydrogen fluoride (HF). AFM pictures of zirconium ceramic material after
different surface treatments are given in Figure 23 [82]. AFM pictures shows changes
in roughness with different treatments like (a) abrasion with alumina, (b) etching
with 10%HF for 5 minutes, (c) etching with 10%HF for 30 minutes, (d) etching with
20%HF for 5 minutes, (e) etching with 20%HF for 30 minutes, (f) etching with 30%
HF for 5 minutes, and (g) etching with 30%HF for 30 minutes. Etching with 30%HF
for 30 minutes gave the roughness required for proper adhesiveness of resin to
ceramic. SEM images complement AFM data (Figure 24). Data obtained by AFM
images are supported by the SEM data. SEM images shows the formation of micro and
nanopores on the surface by different treatments.

5. Conclusion

The main source of zirconia, the widely used material in the field of ceramics,
electronics, and refractories is zircon, an accessory mineral of placer deposits. Alkali
fusion and plasma thermal dissociation are the important decomposition methods
adopted widely to convert zircon to zirconia. Various methodologies are adopted for
the synthesis of zirconia from its zirconium precursors depending on the particle size
and crystal structure. Solution combustion synthesis, sol-gel synthesis, hydrothermal
synthesis, and solid-phase sintering are some of the methods adopted for synthesis of
different types of zirconia material. Depending on the utility, the synthesized zirconia
further undergoes surface modification techniques like surface cleaning and roughen-
ing. Doping of zirconia with other materials for increasing the mechanical strength,
electrical conductivity, and biocompatibility have been carried out during or after the
synthesis. Characterization of synthesized material is essential for ascertaining prop-
erties of the synthesized material. Elemental characterization of zirconia can be best
accomplished by the destructive solution techniques such as ICP-AES and ICP-MS or
by nondestructive solution techniques such as LA-ICP-MS. XPS also can be used for
elemental characterization. However, the data obtained pertain only to the surface,
but XPS core data can also be used to check the surface chemical state of the zirco-
nium and oxygen. XPS UVB data gives some idea about the crystallinity of the
material. Different crystal structure of the synthesized zirconia can be ascertained
using XRD data which can be complimented with Raman studies. FTIR data are used
to analyze the sample for different functional groups and bonding in the sample. SEM,
TEM, and AFM data are used to ascertain the morphology and topography of the
prepared material. No single technique is panacea for material characterization, and it
is not easy to characterize a material using all the techniques. Hence, judicial choice of
combination of techniques for characterization and sufficient knowledge to interpret
the data obtained are essential for efficient characterization of a freshly synthesized
material.
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Chapter 4
Processing of Zirconia
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Abstract

This chapter starts with an introduction, including zircon, zircon structure,
zirconia ceramics and their structures as they exhibit a distinct crystal structure at
various temperatures while maintaining the same chemical composition. Then the
properties of zirconia including mechanical, tribological, and electrical properties and
thermal conductivity, were discussed. Zirconia’s properties offer excellent resistance
to corrosion and chemicals. When compared to other high-tech ceramic materials,
zirconia is very robust at room temperature. The processing of zirconia was explained,
starting with the purification of zirconium compounds followed by powder processing
of zirconia, colloidal processing of zirconia, additive manufacturing, and zirconia
treatments. Zirconia ceramics are processed from their raw ingredients in order to
modify and enhance their physical and chemical characteristics and make them more
suitable for use in future processes and in the production of finished goods. Various
analysis methods of zirconia, including powder processing and sintering, microstruc-
tural analysis, phase characterization, mechanical testing, and tribological characteri-
zation were discussed. The last section in the chapter discusses the nano zirconia
(ZrO; nanoparticles). In addition to photocatalytic and piezoelectric uses, dental and
optical coatings, nano zirconia has additionally been employed as a catalyst in a
variety of organic interactions. It appears in the cubic, tetragonal, and monoclinic
structural phases.

Keywords: zirconia, structure, properties, processing, analysis, 3D printing

1. Introduction
1.1 Zircon

Zircon, which is frequently found in highly silicic stones and contains significant
quantities of certain trace elements, is regarded as a resistant auxiliary mineral. It is
also a helpful instrument for tracking melt compositional alterations throughout
magma development [1]. The quantity of Zr in the principal minerals is often negligi-
ble in comparison to that housed by zircon, and there is disagreement on the presence
of zircon at boundaries of grains vs. the amount hidden as inclusions within different
minerals [2]. Zirconium silicate is another name for the mineral zircon (ZrSiOy,). It
results from the extraction and processing of historical heavy mineral sand and is most
typically found in coastal placers or dune deposits across the world [3]. Zirconium
silicates are abundant in essence, along with presence under hydrothermal circum-
stances (between 300 and 550°C) which seems to have received a lot of interest [4].
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The global output of zircon is around 1.1 million t/a, with the majority of it coming
from Australia and South Africa. The most important use of zircon is represented by
ceramics sector [3]. Zircon may be treated to make zirconia by melting the sand at
extremely high temperatures to yield molten zirconium oxide (ZrO,) [5].

It is debatable how zircons behave in suprasolidus metamorphic environments.
Experimental findings suggest zircon growth occurs throughout prograde metamor-
phism in melt-bearing systems, but computational modeling only anticipates zircon
development upon cooling and melt crystallization. Zircon in high-pressure zones and
elevated temperatures metamorphic rocks is a probable by-product of inconsistent
melting events. However, knowledge of how zirconium, a crucial structural compo-
nent of zircon, is distributed among the numerous products and reactants that occur
during incongruent partial melting is still limited. A fresh source of Zr may become
accessible to zircon formation after heating under suprasolidus under certain
circumstances, or Zr may redistribute from already-existing zircon [2].

1.2 Zircon structure

Zircon is a mineral that is an orthosilicate accessory. Its chemical formula is ZrSiO4
(Z = 4) with the space group I4,/amd. The zircon structure is made up of chains of
consecutive, edge-shared SiO4 and ZrOg polyhedra that pass along the c axis. The
structure is rather wide; it incorporates “channels” of evidently vacant sixfold sites
that run in corresponding direction to the {001} orientation and can accommodate big
amount of non-formula components [6].

The edges of the ZrOg triangular dodecahedra are coupled in a zigzag manner
across the {100} dimensions. The structure shown in Figure 1 accounts for the most
prevalent three-dimensional behavior of zircon as well as the uncertain cleavage along
{110}. Natural zircon incorporates non-formula elements at all times [7]. On the other
hand, large cations (U, Th, Y, lanthanides, Hf) often replace Zr in the eightfold
dodecahedral position, however, smaller cations may be placed in the sixfold
location [8].

1.3 Zirconia ceramics

For several reasons, zirconia-based ceramics are the most researched and demand-
ing materials. Zirconia (zirconium dioxide, ZrO,), popularly known as “ceramic
steel”, offers outstanding hardness, strength, and fatigue resistance, as well as good
wear characteristics and biocompatibility [9].

Zirconium oxide, silicon nitride, and aluminum oxide are a few frequently
employed ceramics that have exceptional chemical and physical qualities including
high hardness, high strength, high toughness, and corrosion resistance [1]. Zirconium
oxide, on the other hand, outperforms silicon nitride and aluminum oxide in terms of
abrasion resistance, toughness, and service temperature [10].

Zirconia is a significantly highly versatile transition metal oxide frequently applied
in ceramics, electrolytes for solid-oxide fuel cells and semiconductor technology [11].
The finest qualities come from zirconia stabilized with Y,05. A crystallographic
change on a ZrO, surface limits fracture formation once is subjected to stress [12].

Baddeleyite, a naturally existing zirconia, is found in igneous rocks such as
carbonatite. South Africa was the major producer of baddeleyite until 2002, but these
plants have since closed, leaving the Kola Peninsula area of the Russian Federation as
the only commercial source of this mineral. The majority of zirconia presently
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Figure 1.
Two-unit cells shown in the polyhedral depiction of the zircon structure [7].

accessible is made using zircon (34,000 t/a), with a relatively minor natural source by
the Russian Federation (6000 t/a) [3].

Zirconia ceramics are traditionally processed using turning, milling, and grinding
techniques. These techniques have significant drawbacks, including inadequate pro-
ductivity and inevitable manufacturing damage, which make it difficult to achieve
sufficient quality of the surface. But sandblasting and acid etching have a tendency to
pollute the component’s surfaces or alter their physical and chemical characteristics. In
order to get an immaculate finish and undo surface and subsurface damage from
earlier preparation, polishing can significantly enhance the surface quality [10].

1.4 Zirconia structure

There are three different types of zirconia crystal structures: Cubic, tetragonal, and
monoclinic. It is possible to achieve high structural stabilization by combining ZrO,
and associating to other metallic oxides like ZrO,—MgO, ZrO,—CaO, or ZrO,—Y,0;
[13]. However, recent research emerged to be more concentrated on zirconia—yttria
ceramics, which can be recognized by their fine-grained in the micro range classified
as Tetragonal Zirconia Polycrystals (TZP) [14].

At high temperatures (>2370°C), a cubic zirconia also known as (c-ZrO,) fluorite
crystal configuration with a unit cell of face-centered cubic (fcc) and a (space group
Fm-3m) form. A numerous atom of Zr is linked to eight oxygens to create the fcc cube
and the oxygen atoms are arranged along the cube’s diagonals [15]. Furthermore, the
fluorite structures of the monoclinic and tetragonal are deformed as seen in Figure 2.
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Figure 2.
The three ZrO, polymorphs ave shown in a schematic in the following order: (a) cubic, (b) tetragonal, and (c)
monoclinic [16].

At intermediate temperatures (1200-2370°C), the structure is transferred to tetrago-
nal (P4,/nmc), while at low temperatures (<950°C), the structure is monoclinic (P2,/
¢) [16]. Throughout thermal cycling, undoped zirconia reveals the following phase
transitions [17]:

1170°C 2370°C 2650°C _ . .
m-ZrO, 95‘5—:(: t-ZrO, = c-ZrO; = Liquid (1)

2. Properties of zirconia

In relation to their usage, this section describes the many varieties and character-
istics of zirconia materials. Due to the following qualities, zirconia has recently been
the subject of substantial inquiry in the scientific literature:

2.1 Mechanical properties

Recent studies showed that mechanical parameters including hardness, grain size,
and fracture toughness, as seen in Table 1 have an important bearing on slide wear
resistance of bulk ceramics [18]. Zirconia has mechanical properties that are on par
with stainless steels. Its traction resistance might be in the 900-1200 MPa range, and
it has 22000 MPa compression tolerance [19]. 3Y-TZP dentistry zirconia incorporates
alumina (ALO3) as a strain-hardening promoter, resulting in great opacity and excep-
tional mechanical qualities [20].

Although the sintering of ZrO, stabilized with Y,Oj3 is substantially more complex,
this is the primary type of zirconia recognized for present medical usage. Surface
treatments have the potential to alter the physical characteristics of zirconia. Further-
more, prolonged wetness contact may have a negative impact on its assets. The term
for this is zirconia aging. Surface grinding can also diminish toughness. The mechan-
ical characteristics of zirconia might deteriorate as it ages. Mechanical forces and
moisture exposure are essential for speeding up this process [20].

Due to transition toughening, ZrO, has the ability to achieve extremely high
toughness. It is regarded as a strong contender for numerous cutting tool applications
as well as a biomedical material. Nevertheless, the intrinsic fragility of these sub-
stances remains the primary bottleneck. This issue has been addressed by developing
suitable composites. Novel materials, including carbon nanotubes and fiber-like
structures, have been produced in recent years. The fibrous character of the
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Property Minimum Maximum Units (S. Minimum Maximum Units
value (S.I.)  value (S.I.) L) value (Imp.) value (Imp.) (Imp.)

Atomic volume 0.02 0.021 m? kmol ™ 1220.47 1281.5 In® kmol *

(average)

Density 5 6.15 Mgm? 312.14 383,932 b ft?

Energy content 200 300 MJ kg 21667.7 32501.6 keal Ib™*

Bulk modulus 72.3 212 GPa 10,4862 30,748 10° psi

Compressive 1200 $200 MPa 174,045 754,196 Ksi

strength

Elastic limit 115 711 MPa 16.6793 103.122 Ksi

Endurance 107 640 MPa 15,519 92.8241 Ksi

limit

Fracture 1 8 MPam'?  0.910047 7.28037 ksi in>'?

toughness

Hardness 5500 15,750 MPa 797,708 2284.35 Ksi

Loss coefficient 0.0005 0.001 0.0005 0.001 Null

Modulus of 177 1000 MPa 25.6717 145,038 Ksi

rupture

Poisson’s ratio 0.22 0.32 0.22 0.32 Null

Shear modulus 53.4 86.4 GPa 7.74501 12.5313 10° psi

Tensile strength 115 711 MPa 16.6793 103,122 Ksi

Young’s modulus 100 250 GPa 14.5038 36.2594 10° psi

Latent hear of 700 820 K] kg™t 300,944 352,535 BTU b

fusion

Maximum 1248 2522 K 1786.73 4079.93 °F

service

temperature

Melting point 2823 2973 K 4621.73 4891.73 °F

Minimum 0 0 K —459.67 —459.67 °F

service

temperature

Specific heat 420 540 Jkg 'K! 0.32502 0.417883 KkJ/kg °K

Thermal 17 27 WmK? 318246 505449 WK 'm™

conductivity

Thermal 2.3 122 107°K™* 414 21.96 107 ¢°F!

expansion

Breakdown 4 6 MV m™* 101.6 152.4 V per mil

potential

Dielectric 10 23 — 10 23 Null

constant

Resistivity 316 x 10 316 x 10" 10 ®chm 316 x 10  3.16 x 10 10 ®ohm

m m
Table 1.

Thermal, electrical, and mechanical properties of zirconia [18].
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toughening components may result in increased fracture toughness. Furthermore,
compared to the other two non-metallic additions, carbon’s electrical conductivity
allows for additional electrical qualities to be helpful [21].

Using Eq. (2), it is possible to conduct a three-point bending test and a biaxial
flexure test to assess flexural capacity and can be examined using a universal testing
device (Autograph AG-X).

o —0.23871:(X -Y) @
b
where the center’s highest tensile stress is ¢ (in MPa), the total load producing the
rupture is P (in N), and the cross-section of the test piece at the fracture point is b (in
mm) [22].

Meanwhile, fracture toughness (Kjc) test can be performed using the single-edge
pre-cracked beam technique and can be measured by applying Eq. (3). Where B
represents the material length (in m), W represents the sample width (in m), and a
represents the pre-crack length; P represents the breaking force (N), and S represents
the support span (m) [22].

PxS 3/a\3 a
Kic = (r Wa/z) x {5 (w) <7 () } 3)
2.2 Tribological properties

Zirconia ceramics have been extensively researched as a wear resistant material
for engineering fields throughout the last few years. The kind of Hall-Petch law
governs the connection between wear resistance and grain size in tetragonal zirconia
ceramics. As a result, it is reasonable to predict that nano-structured zirconia
coatings will have more wear resistance than standard zirconia. Friction and wear
tests may sometimes be performed on an MM-200 wear tester’s block-on-ring
configuration. As seen in Figure 3, the stationary zirconia-coated blocks are

1R

ounter ring

Figure 3.
The block on ring test [23].
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pressed up against a moving stainless steel. The tester provides the friction
coefficient immediately. Additionally, wear frequencies can be calculated by
dividing the wear mass loss by the force implemented, sliding distance, and material
density [24].

Throughout wear testing, the surface morphology, particularly big pores, may
result in excessive stress concentration and fracture development, resulting in poor
resistance. Additionally, it is shown that, as evidenced by Eq. (4), the wear rate of
polycrystalline ceramics matched an exponential function. In which 1/Ko,, represents
the TZP substance wear resistance with no pores (in N.m/mm?®) and P represents
porosity.

1 1

Eq. (4) above illustrates that decreasing the porosity of zirconia ceramics
resulted in enhanced wear resistance. The existence of gaps reduces the probability
of grain boundary sliding, which delays or prevents the occurrence of plastic
deflection [24].

2.3 Electrical properties and thermal conductivity

Zirconia additionally has a high degree of flexibility, a superior conductivity, a
poor thermal conductivity, and a strong corrosion resistance as seen in Table 1 [18].
Because of that, zirconia is utilized in many applications at various high temperatures,
such as fuel cells and thermal barrier coatings [18]. Monoclinic zirconia was demon-
strated at 1000°C to be an amphoteric semiconductor in a prior work. When oxygen
pressures are high (10° to a value of 1 atm), the most common defects are fully
ionized zirconium holes, which produced exceptionally well, implying charge transfer
via a thermally induced hopping mechanism [25].

On the other hand, at ambient temperature, zirconia in its monoclinic phase has a
thermal conductivity of 7.2 Wm KL However, at high temperature (1100°C)
zirconia begins to have very poor heat conductivity (1.2-2.6 Wm ™' K™ '), making it an
ideal candidate for thermal barrier (TBC) coatings [26]. However, the volume varia-
tion (5%) caused by phase transformation at elevated heat as well as during cooling
the apparatus limits the use of zirconia in aggressive environments. The crumbling of
the zirconia-based components is caused by phase transformation and volume
change [27].

Yet, when the temperature rises, the phase transition (Figure 4) occurs, resulting
in structural failure and fractures in the coat. This would be prevented by enriching
the zirconia matrix with yttria, which stabilizes the zirconia at high temperatures.
Some Zr** cations are substituted by Y3+ during this stabilizing procedure [29]. To
preserve charge balance, one oxygen gap is formed for every two replacing Y**
cations. Because of the presence of voids, YSZ is valuable not only for TBCs but also as
an electrolyte in oxygen sensors and solid-oxide fuel cells (SOFC) [30].

This kind of stabilization not only assists in preventing phase change but also
reduces the thermal conductivity of YSZ, for example, from 1.42 W/m-K (at ambient
temperature) to 1.35 Wm ™' K™ 'at 1200°C since c-phase zirconia exhibits less thermal
conductivity than m-zirconia [27].

Zirconia is also a metal oxide which is composed of a weak base and a weak acid
and is one of the ceramic semiconductors. Because of its crystalline structure, it can be
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Figure 4.
Thermal conductivity of ZrO, [28].

an insulator utilized as an n-type semiconductor or a high-resistance ceramic. The
forms of the nanocrystals determine the potential uses for them. Oxygen sensors, fuel
cell electrolytes, and gate dielectrics have all been employed with spherical ZrO, [31].

3. Processing of zirconia

This section discusses the purification process of zircon, followed by stating vari-
ous methods for zirconia processing (thermal dissociation, chlorination, additive
manufacturing, and colloidal processing) depending on the characteristics asked for
and the purpose or the industry that asks for a zirconia supply.

3.1 Purification of zirconium compounds

For usage in the electronics sector and the creation of partly stabilized zirconia,
highly pure zirconia is commonly used today. A large portion of the world’s zirconia
supply found naturally as ZrSiO, [32].

By caustic fritting of zircon sand, the zirconium nitrate solution is obtained. Caus-
tic fritting was accomplished with the aid of magnesium hydroxide carbonate and
magnesium oxide. These additives reduce the quantity of soluble silica in nitric acid by
less than 1000 ppm. With no additional ingredients, caustic fritting produces some
nitric acid-soluble silica, which is eliminated by dehydrating with sulfuric acid [32].

Other procedures currently are utilized to extract zirconia from zircon generally by
including heat or chemical disintegration of zircon to provide zirconia and silica. But
even so, the resulting zirconia needs to be purified through additional chemical
processing. A financially appealing method of producing zirconia is the thermal dis-
sociation of zircon, which results in a combination of zirconia and silica. The dissoci-
ated zircon result can be leached either with a strong base, like sodium hydroxide
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(NaOH), to breakdown the silica and end up leaving zirconia or with a strong
acid, like sulfuric acid (H,SO,), to solubilize the zirconia and produce a zirconium
salt, leaving non-soluble silica. Zirconia may be created using the caustic-leach
technique with a purity of up to 99.5%. Still, it must undergo subsequent chemical
treatment, usually including dissolving the zirconia in acid to attain greater purity
zirconia [32].

In reality, however, acid-leaching precipitates are gel-like, challenging to filter,
and enclose numerous contaminants. Because of this, the basic sulfate precipitation
using zirconium sulfate solution is favored, even though it is challenging to regulate
the circumstances. To precipitate the basic sulfate, sulfuric acid or a sulfate salt is
frequently added after the zirconium sulfate is converted to zirconium oxychloride. It
has been discovered that creating zirconium compounds with good quality, including
zirconia, is feasible by precipitating zirconium from zirconium sulfate solution at a
low pH [32].

It is desired to utilize a zirconium sulfate solution with a zirconium level of more
than 75 g/L and a sulfate content of more than 180 g/L. The ammonia source is
introduced to the aqueous zirconium sulfate solution throughout the procedure of the
present invention till the solution’s pH value is between 0.1 and 2.5. Whenever the pH
is in the interval of 1.0 to 2.0, it is preferable to stop adding the ammonia source. The
zirconium compositions created using the procedure of the present invention are
white, compressible, unrestricted, finely dispersed substances after washing and
drying [32].

3.2 Chlorination

Chlorinating impure zirconia in the presence of carbon is among the best ways to
create highly pure zirconia. To purge contaminants from the ZrCl,, partial solidifica-
tion and sublimation procedures are performed in the range of temperature between
623 and 673 K. Additionally, highly pure ZrO; is created by the interaction of pure
solid ZrCl, with water steam. Another crucial stage in the industrial scale of titanium
and zirconium is chlorination in the presence of carbon. In the temperature range of
1000 K-1100 K, chlorine and ZrO, do not really thermodynamically interact, and a
reducing agent like carbon is necessary to complete the process. Consequently, the
process is known as carbochlorination [33].

By determining the variation in the free energy of the different reactions, it is
possible to know why a reducing agent is required. By creating a low oxygen potential
environment, the existence of carbon atoms lowers the inclination of the production
of oxides and stimulates the creation of chlorides. It has been discovered that between
1075 K and 1275 K, the following reaction (CO, + C = 2CO) moves more slowly than
during the chlorination process of ZrO, with a AG of —4.6 k] mol " at 1000 K to a
—22.0 kJ mol " at 1100 K [34]. On the other hand, thermodynamically speaking,
reaction 1 cannot take place at 1100K but other reactions may. It’s possible that
reaction (ZrO, + C + 2Cl, = ZrCl, + CO,) with a AG of —248.3 kJ mol ! and reaction
(CO; + C =2CO0) will produce reaction (ZrO, + 2C + 2Cl, = ZrCl, + 2CO) with a AG of
—270.4 k] mol ™%,

3.3 Colloidal processing of zirconia

During lower sintering temperatures, high-density zirconia structures with
decently crystal frames and improved mechanical characteristics may be created using
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fine nanocrystalline 3Y-TZP powders. However, throughout most of the production
of the 3Y-TZP nanocrystalline initial crystals, significant agglomeration takes place
[35]. The outer surface of the colloidal matter is decreased by agglomerates, which
consist of networks of particles linked by van der Waals forces [36]. Ultimately,
accumulation could lead to the development of undesirable variabilities, including
defects, fractures, and porous surfaces with big granules, which can impair the
mechanical capabilities of zirconia structures. As a result, attempts must be
considered to prevent agglomeration due to consolidation. Powders are merged in
greenish structures with the necessary shapes using various consolidation techniques,
such as solid free-form manufacturing, wet slip casting, dry isostatic and uniaxial
pressing. A slip casting is a common colloidal procedure that creates structures with a
significant density and few harmful variabilities. By adjusting the intensity of the
attracting and repelling interparticle interactions between zirconia particles, steady
solutions with high particle dispersion may be created, which are necessary for
reducing the production of agglomerates [37]. An electric double surface is

produced by generating comparable charges on the interfaces of suspended particles
of sufficient size [36].

CAD/CAM, which denotes computer-aided engineering and production, is one
way to create zirconia copings and frames. An automatic manufacturing process using
a software power tool follows the editing of a 3D model on a screen in the CAD/CAM
manufacture of zirconia. There are two methods for creating CAD/CAM zirconia
foundations: pre-sintered blanks can be “soft-machined” or completely sintered
blanks can be “hard-machined”. These foundations have undergone high-quality pro-
cedures to produce homogeneous material structures with little to no cavities, defects,
or fractures. A binder is blended with partly stabilized zircon powder (silicone oxide
0.02%, yttrium oxide >4%, hafnium oxide >1%, zirconium dioxide 96%, aluminum
oxide 1%) to create zirconia [38].

Well-dispersed zirconia solution has just been subjected to direct coagulation cast-
ing (DCC) and gel casting are two innovative methods for treating colloidal materials
to produce greenish particles [39]. DCC focuses on creating ceramic components
closer to their final form from suspensions of ceramic particles in concentration
solutions. It combines the DLVO concept with colloidal ceramic formation. The satu-
rated suspension is disrupted by the decomposition generating base, electrolyte, and
acid, whether to boost the ionic strength or to let the pH reach the ceramic powder
isoelectric point framework [35, 36].

3.4 Powder processing of zirconia

Because of their acceptable mechanical qualities, minimal neutron absorption
cross-section, and superior corrosion tolerance, zirconium that concentrates on alloys
has been employed extensively in industrial power stations.

Nevertheless, because zirconium has a great melting point (>1800°C) and a sig-
nificant attraction for H, O, and other contaminating atoms, it is challenging to
produce zirconium workpieces using standard methods. AM will make it easier to
produce complex parts that are employed in a variety of industrial applications. The
quality of the finished products, however, is heavily dependent on the raw powders.
When used in the AM process, powders with desirable morphological properties
display improved rheological properties and more optimum particle packing.
Research on producing sphere powder from commercial products like Ti64 has
advanced significantly. Spherical metal components have been created using various
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techniques, such as Electrode Induction Melting Gas Atomization, Plasma Atomiza-
tion, Plasma Rotating Electrode Process, Plasma Spheroidization (most flexible
approach), and Vacuum Induction Melting Inert Gas Atomization [40].

3.5 Additive manufacturing (AM)

3D printing technology commonly referred to as additive manufacturing techniques,
opens up new possibilities for material shaping by increasing design flexibility, acceler-
ating production, and minimizing waste and expense. The revolutionary possibilities of
using these technologies to produce technical ceramics have been widely acknowledged,
despite the ceramic industry’s slower adoption of 3D printing technology than the
polymer and metal industries. Stereolithography (SLA), one of the several 3D printing
technologies currently accessible, offers advantages in the areas of printing resolution
and precision, which—along with the exceptional efficiency of exterior coating—make
it the ideal suitable AM technology for constructing ceramics [41]. The greatest range
for achieving uniform mixing, according to an investigation by Jang et al. on the
synthesis of zirconia employing DLP additive manufacturing, was 58 vol% of zirconia
by volume. The 3-point bending durability improves as the volume fraction rises. The
research did note that the viscosity rose quickly to 56 vol% [42]. SLA technique is built
on the layer-by-layer polymerization of a liquid photocurable monomer incorporating
ceramic particles; more specifically, it uses a beam of UV laser that shifts from one
location to another while tracking the photo-polymerized pattern [43].

A near fabrication path to the manufacture of progressed ceramics with extremely
complicated geometries is provided by additive manufacturing (AM). It does not
involve the original building of a mold, making it a quick-response solution for
engineers and designers to create new items [44].

A possible method for creating intricately shaped ceramic components with high
accuracy is digital light processing (DLP) [43]. A different type of SLA utilizes a UV
projector as the light source for treating an entire resin layer by layer, improving the
speed of the process. Due to the variety of utilizations for which this material can be
applied, including restorative dentistry and frameworks, fuel cells for monolithic
support, tooling and blades, and other precision parts for various applications,
including mechanical and thermal ones, 3D-printed zirconia is becoming more and
more popular among technical ceramics [44].

DLP, which has excellent printing resolution, a high interfacial polish, and a rapid
building process, is becoming increasingly popular for manufacturing ceramic com-
ponents. However, compared to traditional ceramic processing, DLP is still in its
developing phase [44].

Making completely dense, defect-free ceramics with characteristics equal to those
of materials treated using traditional technologies is considered a difficult task. This
requires the supervision of numerous manufacturing steps, including printing opti-
mization techniques, the slurry preparation, and the sintering heating cycles. Never-
theless, even though DLP and SLA are established for zirconia 3D printing
technologies, most articles briefly discuss the mechanical characteristics of the
resulting materials [43] within the beginning, zirconia green entities are created for
the specimen preparation using a heavily zirconia-loaded slurry on a DLP 3D printer
utilizing a UV light with a wavelength of 405 nm. In Figure 5, a diagram of the DLP
printing principles is displayed. For all builds, the depth can be adjusted at 25 pm. For
further characterization and assessment, a variety of zirconia green bars, disks, and
parts are acquired.
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Figure 5.

Diagram illustrating the DLP printing principles [39].

The extra slurry is then washed off the artificial green parts in an ultrasonic
bath. The debinding and sintering then performed in a tubular furnace with an air
flow [44].

3.6 Thermal dissociation/calcination

Calcination is the practice of heating a substance at 400, 600 and 800°C without
allowing it to fuse to affect changes in its physical or chemical composition [45].
Electrospinning, a newly improved combination of the ceramic precursor zirconium
acetylacetonate and the bond polymer polyacrylonitrile, may be utilized to create
zirconia incorporating nanofibers. It is discovered that the steps that follow the
ceramic precursor conversion occur simultaneously with the transformation of
electrospun zirconium acetylacetonate/polyacrylonitrile fibers into zirconia
nanofibers:

Zr(CsH;0,), — Zr(OH)(CH3C00); — ZrO(CH3C0O0), — t —ZrO, —t  (5)
—7ZrO; + m — ZrO; — m — ZrO,.

Fibers are heated in two stages; first, they are heated to a temperature of 500°C
with a heat rate of 1°C/min, and subsequently to a specified temperature with a heat
rate of 5°C/min, calcining them at various temperatures between 500 and 1300°C for
1 hour. A low-temperature profile was adopted for the first annealing stage to ensure
the sensitive removal of the ceramic precursor’s breakdown products and binding
polymer to minimize fiber breaking [46].

Additionally, furnaces for manufacturing glassware have often been built using
and repaired with zircon refractories. Its breakdown tendency is a crucial zircon
property that might affect furnace and glass performance. A decrease in the propor-
tion of aluminum, titanium, iron, and alkali is necessary to lessen the rate of zircon
deterioration [47].

Generally, the below process may be used to describe zircon dissociation:
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ZxSi04 — 3 ZrO, + SiO; (6)

where zircon is transformed into zirconia and silica, often by thermal methods at a
temperature of around 1676°C. Zirconia acquires a tetragonal shape at 1173°C,
whereas underneath this temperature, it exists as a monoclinic phase [47].

Zirconia precipitates are calcined at 800°C for 2 hours (h) in the air, which
changes the monoclinic crystal structure and improves the crystallinity as well as the
dimensions of the precipitate. Additionally, it was noted that zirconia with a cubic and
tetragonal structure undergoes a partial transformation from its monoclinic state. In
additional research, acidic and ammoniacal zirconium chloride solutions in different
concentrations were used to create nanoscale zirconia precipitates at temps between
110 and 150°C for times ranging from 1 to 4 hours [48].

3.7 Zirconia treatments

Surface treatment to form a strong chemical connection with such composite resin
is one method for successfully mending chemically inert zirconia foundations. Conse-
quently, the effectiveness of dental restorations is determined by the adhesiveness of
zirconia and composite resin.

It is extremely hard to chemically or physically change the zirconia ceramic sur-
faces because of its superior stiffness and chemical inertness to avoid corrosion [49].
In addition, unlike other types of ceramics, such as glass, zirconia is not etchable,
making it difficult to carry out the adhesion processes [50]. According to earlier
research, sandblasting significantly enhanced the ceramic surface’s wettability, sur-
face energy, and roughness. Because of this, the resin cement is retained by micro-
interlocking due to the bonding area’s enhancement [49].

However, implant technology has been working hard to change zirconia in
terms of morphological and bioactive features essential for suitable cell
interaction and differentiation throughout most of the neighboring bone healing.
Numerous physicochemical techniques have been utilized to improve zirconia
properties, such as PVD, grit blasting, laser treatment, PVD, micro-machining, and
CVD [51].

Although it has been asserted that zirconia pretreatment techniques like
tribochemical silica coating, sol-gel processes, silicon nitride hydrolysis, and
vapor-phase deposition technique increase resin adherence to zirconia, the long-term
bond performance of tribochemical silica coating is in doubt. Condensed silanol layers
produced by the sol-gel technique and hydrolyzed from tetraethyl orthosilicate are
prone to cracking when heated, and coatings produced by silicon nitride hydrolysis or
vapor-phase deposition require complex equipment and take a long time, making
them unsuitable for use in clinical settings. With 5% HF inscription for 90-120 sec-
onds at a pressure of 0.3 Mpa, a new glass ceramic spray deposition (GCSD) approach
has recently been described to increase the zirconia bond strength. It is possible to
create an extremely thin layer that does not alter the zirconia’s physical characteristics
by spraying glass-ceramic powders over zirconia surfaces which are subsequently
sintered [52].

3.8 Powder sintering

During sintering, powder components are condensed and go under consolidation
at a high temperature but still below their melting temperature. A particle substance is
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transformed into a rigid, compact design. Somewhere at macro scales, changes in
geometry, dimension changes (shrinkage), and density variation may be seen, as
well as changes in mechanical qualities like mechanical strength (as a result of
shrinkage) [53].

To achieve a greater compactness and performance, more machined and
sintering operations are required [44]. However, these existing techniques
methods have a variety of drawbacks, including the inability to produce highly
complex geometry because of the common usage of molds, their increased
price, and their prolonged processing times. Furthermore, machining ceramic
materials is challenging due to their extraordinary hardness and brittleness.
Additionally, flaws and unwanted shrinkages may also be produced in the
ceramic parts [54].

DLP-produced sintered ceramic components may have shrinkage problems. An
effective way to address them is to scale the CAD/CAM model appropriately for each
axis before printing to account for shrinks [44]. Through DLP, a single layer of
material is first made, and by repeating this process, a body with three dimensions is
developed. The three-dimensional cross-linked polymer that makes up the green body
has ceramic fragments caught inside it. The components are then cleaned, debonded,
and sintered to create the final thick ceramic part. This technique makes it possible to
create intricate three-dimensional ceramic structures with excellent precision and
creative freedom [55].

The microstructure changes throughout sintering, and this development is charac-
terized by a rise in grain compaction and rearrangement and cohesive bonds among
granules develop in the early stages. Because of the mass transmission, the bonds
between particles expand as the sintering process continues. Surface and grain
boundary diffusion are often the primary mass transport modes in sintering. Surface
tension and bonds’stresses cause particle attraction, which causes the system to
contract. The decrease and occasionally the actual eradication of material porosity is a
result of neck development and shrinking [53].

Owing to the possibility of the ceramic material’s cracking or breaking, thin resto-
rations for minimally invasive dentistry might be challenging to create employing the
subtractive method. In addition, subtractive manufacturing usually results in signifi-
cant cutting tool usage and significant volumes of generated waste (zirconia powder)
after milling. Additionally, zirconia’s resilience and lifetime are improved by surface
treatment and adhesive bonding with primers [55].

4. Analysis methods
4.1 Microstructural analysis

For microstructural characterization, Raman microanalysis can be demonstrated.
On the other hand, for studying the chemical composition, high vacuum X-ray energy
dispersive microanalysis, X-ray photoelectron spectroscopy (XPS) are usually used.
XPS is accelerated under a voltage of 14 kV, emission of current of 0.2 A, pressure of
10~ mbar, energy resolution of 0.30 eV, maximum power of 2.8 kW, sampling area
of 6 x 0.5 mm sampling area, and around 90° take-off angle. Finally, to charge
compensation, an electron flood gun works at 4 eV. All spectra can be shown
and recorded on the binding energy with an excellent resolution of 150 eV pass
energy [56].
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In order to recognize and define the pattern of the tetragonal (which can be
demonstrated by 145 and 262 cm ™" Raman shift) and monoclinic (by 180 and
190 cm ' Raman shift) ZrO, phases just at the surface area, then the cervical collar
that is prepared for XRD investigation is examined. The following requirements are
used to conduct a Raman microscope: 100 m slit, Ar laser (532 nm), 10 mW at the
sample, a grating of 1800 grit/mm, a confocal hole of 1000 pm, and a sampling
duration of 10s.

The microscope’s optical system independently finds and examines three
locations at every implant surface site (collar/root). 20 x 35 m regions are chosen and
examined at 5 m increments with a 5 s scan time in order to map the monoclinic ZrO,

phase [56].

4.2 Phase characterization

For morphological analysis, LV-SEM is used. And for the roughness, optical
profilometry is used. In X-ray diffraction (XRD), a sample from each implant is
embedded in epoxy resin and sliced into longitudinal sections using a microtome
while being continually cooled by water to test for the presence of tetragonal and
monoclinic ZrO, phases across the whole implantation. The materials are smoothed
using SiC paper and polished using 3 M diamond paste, and then for 3 minutes,
ultrasonic cleaning in distilled water is applied [56]. The zirconia X-ray diffraction
spectra is displayed in Figure 6. Their X-ray diffraction patterns may identify zirco-
nia’s monoclinic and metastable tetragonal phases [57].

The threaded portions of the implants’ 3D surface roughness characteristics are
evaluated using optical profilometry. At 10-100x magnification, an optical profiler
may be utilized to look at the gap between two subsequent implant threads. The
roughness metrics of a 3D surface, including arithmetic mean deviation (Sa), root
average square deviation variance (Sq), and max peak to valley altitude (Rt) are then
measured using Veeco Vision software [56].

Printing with
shrinkage Debinding
Z scaling factor e
:Y Sintering
X
Green body Sintered part
' L, x W, x H, L, x W, x Hy
3D model Printing without
LxWxH shrinkage Debinding
scaling factor - -
Sintering
Green body Sintered part
LxWxH L3 x W3 x Hy

NB: L= L x scaling factor W,=W x scaling factor H,= H x scaling factor

Figure 6.
Diagrammatic vepresentation of the parameters (L, W, and H) change along the zirconia DLP pathway [44].
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4.3 Mechanical testing

Using the techniques specified in Table 2 at ambient temperature, the mechanical
characteristics, including fracture toughness, Vickers hardness, and flexural strength,
are thoroughly studied. A Weibull assessment of the tensile and flexural data is thus
carried out to determine the possibility that zirconia would rupture. By employing the
single-edge V-notched beam (SEVNB) technique and indentation, correspondingly,
the fracture toughness value (Kjc) is assessed (Table 3) [44].

It is crucial to pick a reference based on the actual indentation fracture morphology
since the selection of the equations also depends upon the type of crack. A femtosec-
ond laser is used to construct an incredibly sharp V-notch (0.5 m, indicated by a red
dashed line as seen in Figure 7) to measure fracture toughness accurately [49, 58, 59].

Figure 7 shows how U-grooves are created at particular thicknesses using a
reduced-speed blade and diamond rims with a 200 m thickness under irrigation water.
A 2.9 W femtosecond laser is now being used to create a crisp V-notch just at the
bottom of the U-grooves. With a repeating rate of 100 kHz, the femtosecond lasers
produced 290 fs linearly polarized pulses at 515 nm [50, 58].

5. Future perspectives of zirconia
5.1 Nano zirconia

Nano solids, which are tiny structures of ZrO,, have been extensively proposed.
ZrO; on a nanoscale, which exhibits better mechanical properties and superior bio-
compatibility, is frequently included into many technologies utilized in tissue engi-
neering and dental applications [51]. Even though sophisticated powder synthesis
processes can generate nano-sized particles [60-62]. Nano zirconia also showed a
promising future for fuel cell applications. Cubic ZrO, nanoparticle production is
challenging because of the range of phases that the reactions create. In a previous
study, a simple precipitation method was established to adjust the form and crystal-
linity of cubic (Arkelite) and monoclinic (baddeleyite) zirconia nanoparticles. The

Reaction Temperature (K) AG (k] mol ™)
ZrO, + 2Cl, = ZrCly + O, 1000 154.2
1100 147.1
71O, + C + 2Cl, = ZrCl, + CO, 1000 2412
1100 —248.3
Zr0, + 2C + 2Cl, = ZrCl, + 2CO 1000 ~2457
1100 —270.4
ZrO, + 2CO + 2Cl, = ZrCl, + 2CO, 1000 —236.6
1100 —226.6
CO, + C=2CO 1000 —4.6
1100 —22.0
Table 2.

Zirconia’s carbochlorination reactions and the change in Gibbs free energy [34].
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Figure 7.
XRD spectra of zirconia [57].

manufactured cubic and monoclinic zirconia can be put into the Nafion®
membrane to increase the fuel cell’s efficiency. The polytetrafluoroethylene
backbone and perfluorinated ether sidechain are characteristics of the proton
conductor electrolyte Nafion®. Additionally, due to the transpiration of water that
leads the membrane to buckle, Nafion® loses conductivity at a higher temperature
of 100 C [31].

Toward the latter situation, the rise in clinical defects in the dental sector has been
noticed owing to veneer chipping due to pressure accumulation throughout fabrica-
tion. Additionally, the use of ceramics’ nanocrystalline structure has gained the inter-
est of engineers since they strengthen their resistance to low-temperature
deterioration (LTD) [63].

Current efforts involve synthesizing nanoparticle agglomerates within 30 mm
aggregates. The high-velocity oxy-fuel (HVOF) method can be subjected to
spray nano-zirconia powders made in radio frequency (RF) plasma. This method
employs relatively low flame temperatures (<3000°C) to ensure that the
particles are only a little heated. The nano-zirconia particle-reinforced coatings are
examined using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The effects of the post-spray treatment on the coatings are
investigated [62].

Wet-chemical synthesis techniques, such as co-precipitation, hydrothermal
synthesis, and sol-gel preparation, are primarily used to manufacture nano-ZrO,
powders. The physical approach cannot achieve nanoscale results, and the
gas-chemical process is too expensive to be repeated in a real-world setting [64].

The nanoparticles’ surfaces are treated with various surfactants that have
different attaching head groups and carbon chain lengths. Because of their distinct
nature and properties, quantum dots (QDs) fall within the special category of
nanomaterials. A QD is defined as an individual semiconducting nanocrystal that
ranges in dimension from 2 to 10 nm. Several techniques, including soot vapor
deposition, microwave synthesis, laser ablation or chemical oxidation of graphite,
and graphite oxidation heat-induced oxidation of a molecular precursor, can be used
to create QDs. In recent research, scientists devised a simple approach for producing
a highly effective photocatalytic composite by adsorbing carbon quantum dots
(CQDs) onto the surface of ZrO, NPs as demonstrated in Figure 8. The developed
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A)
U-groove
b r 200 pm 10 pm
Figure 8.

(A) Diagrammatic representation of SEVNB samples. (B) Equipment for creating a razor-sharp V-notch using a
blade [49, 58].

Figure 9.
TEM pictures of ZrO, nanoparticles with CQD embellishments [65].

photocatalyst could be useful for the rapid fading of textile colors. The composite’s
production method, which entailed calcination of an ammonium citrate solution,

is used to make QDs. Then, using a conventional solvent-based chemical method,
produced QDs are adsorbed onto the surface of ZrO, NPs with ultrasound assistance
Figure 9 [65].

Other studies show another development regarding a nano-structured glass-
zirconia in order to increase the resilience of the interface between dental zirconia
substrate and veneered porcelain. A new SiO,-Li—Al-O3 material to create a glass-
zirconia nanostructure, prepped (SLA) glass was infiltrated through the outermost
layer of fully sintered dental zirconia [66].
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6. Conclusions

Zirconia has been indicated and used in various industries including, dentistry,
glassware, and electronics. This comes from different reasons especially, its mechan-
ical, electrical, thermal conductivity, and tribological properties. Due to the high
demand, zirconia supply had to be produced after purifying zirconium compounds by
chemical processing using acids or bases. Different processes might be performed to
produce pure zirconia, such as chlorination under a high-temperature range between
623 K and 673 K, colloidal processing of zirconia, and additive manufacturing which
uses a 3D printing technology with high precision and resolution. Zirconia’s micro-
structure is analyzed by XPS and X-ray energy, phase characterization by XRD, and
Mechanical properties are tested analyze the fracture toughness and flexural strength.
The uses of zirconia have been constantly increasing over the last years, and the most
discussed structures are nano zirconia integrated with other systems such as CQDs to
enhance its characteristics.
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Abstract

Advancements in dental material science and technology have improved over the
past decade tremendously. The demand for tissue-friendly esthetic materials has been
fulfilled to a certain extent on account of the development of new materials. Most
materials meet the requirements of esthetics, function and biocompatibility. They
exhibit the properties of color stability, improved resistance to wear, dimensional
stability and they are tissue-friendly. These new materials are able to provide desirable
and optimum treatment outcomes on a long-term basis on account of their nature
and advances in manufacturing and fabrication. Reinforced ceramic restorations are
now completed within a very short time from start to finish—from digital impres-
sion to bonding of the restoration. Zirconia-reinforced ceramics share the top choice
in materials along with lithium disilicate. The most recent zirconia has improved
optical properties and has the potential to overcome its problem of increased opacity.
These zirconia-based ceramics have successfully replaced even precious metal alloys
and porcelain-fused-to-metal prostheses due to the above-mentioned qualities. This
chapter throws light on zirconia and the different types used in dentistry, applica-
tions, methods of fabrication and clinically relevant properties.

Keywords: zirconia, yttria stabilized tetragonal zirconia, zirconia-based ceramics,
dental porcelain, CAD-CAM

1. Introduction

Ceramics are inorganic substances produced by firing metallic and non-metallic
constituents at a high temperature [1]. Ceramics have been widely used in dentistry
for more than 100 years [2], and have since been advancing in terms of their physical,
mechanical and optical properties [3]. As described by Kelly and Benetti [4], ceramics
have been classified into three groups based on the glass content.

i. Predominantly glassy materials derived from feldspar (silica and alumina) and
best reproduce the optical properties of enamel and dentin

ii. Particle-filled glasses to improve mechanical properties. For example, leucite

was the first crystalline filler to be incorporated into feldspathic porcelain.
Lithium disilicate and mica are other such fillers
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iii. Polycrystalline ceramics: no glass is present and is much stronger than
glass-based ceramics. They can either be pressed into oversized molds
(compensates for shrinkage during firing) under pressure or blocks may be
processed into restorations using CAD-CAM (Computer-Aided-Designing
Computer-Aided-Machining).

The drawback is that there is no quantifying the amount of glass phase required
for the ceramic to be included in either the predominantly glassy or the particle-
filled glasses category. Also, polycrystalline ceramics do not contain glass, hence the
classification lacks clarity. Another classification was outlined by Gracis et al. [5] who
proposed a new grouping based on the formulation of the ceramics.

i. Glass-matrix ceramics: include feldspathic ceramics, synthetic ceramics, glass-
infiltrated ceramics

ii. Polycrystalline ceramics: include alumina, stabilized zirconia, zirconia-tough-
ened alumina, alumina-toughened zirconia

iii. Resin-matrix ceramics: include resin nano-ceramics, glass ceramic in a resin
interpenetrating matrix, zirconia-silica ceramic in a resin interpenetrating
matrix.

Zirconia is presently the most studied and researched dental material. The name
“zirconium” originates from the Arabic term “Zarcon”, which translates to “golden in
colour” The dioxide form of zirconium (ZrO,), known as zirconia, was first identified
by a German chemist Martin Heinrich Klaproth in 1789 in a reaction product of heating
some gems [6]. It was used along with other rare earth oxides as pigments in ceramics.
Zirconia was first used as a biomaterial in 1969 for hip head replacement in orthopedics
[3]. Crystalline zirconia occurs in three forms: monoclinic (M), tetragonal (T) and
cubic (C). At room temperature, pure zirconia is monoclinic and remains stable in this
phase up to 1170°C. Monoclinic zirconia is usually associated with surface microcracks,
higher susceptibility to low temperature degradation (LTD) and lower reliability for
use in dentistry [7]. Above this temperature, it transforms first into a tetragonal and
then into the cubic phase. They transform from one phase into another, induced by a
combination of different factors such as, temperature, humidity and stress [8].

It is crucial to know that all three phases differ in their properties. One that is use-
ful in dentistry is tetragonal zirconia. The tetragonal form is stable between tempera-
tures 1170° and 2370°C. The transformation from tetragonal to the monoclinic occurs
upon cooling, and results in a volumetric increase of 4%. Pure unalloyed zirconia is
unstable at room temperature and would shatter spontaneously and catastrophically
on cooling due to t — m. Hence, the tetragonal form must be stabilized to room tem-
perature to overcome stress cracks and transformation volumetric changes on cooling
[1, 7, 9]. For this reason, zirconia is doped with various oxides, such as yttrium oxide
(Y203) or cerium oxide (CeO2) or other metallic oxides such as magnesium oxide
(MgO) and calcium oxide (CaO). Significant molecular stability can be obtained with
ZrO2 doped with Y203. It has superior mechanical properties than other combina-
tions; although sintering is much more difficult, this is the main kind of zirconia
considered for biomedical use (Figure 1) [9].

The concept of fracture toughness and tensile stress is central to the excellent
mechanical properties of yttria-stabilized zirconia. Ceramics are fired at such high
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Figure 1.
Yttria-stabilized zirconia.

temperatures that upon immediate cooling, a natural crack forms, weakening the
material. Fracture toughness characterizes the potential stress directed through the
developed crack or flaw. When stress occurs on a zirconia surface, thereisat — m
transition associated with cracking, followed by a volumetric expansion [9]. By
inducing external stress or a higher tensile stress, there is an increase in volumetric
expansion resulting in compressive stress around the crack tips [2] and there is an
increased resistance to crack propagation. Hence, these cracks are shielded by con-
trolled transformation from t — m and result in a gradual stabilization. The strength
and fracture toughness is dependent on grain size and also the dopant concentration
(yttria) [10]. This concept is called “transformation toughening”, first reported by
Garvie, Hannink, and Pascoe in a paper titled “Ceramic Steel?” [11]. Zirconia-based
ceramics used in dentistry mostly consist of tetragonal zirconia polycrystals, partially
stabilized with 3 mole % yttrium (3Y-TZP) [1].

Initially zirconia was used in root posts, orthodontic brackets dental implants.
With the development of CAD/CAM, traditional metal-based crowns, prosthesis and
FPD’s have been replaced by improvised esthetics and enhanced tissue compatibility
obtained using tooth-colored metal-free systems [3].

2. Types of zirconia in dentistry
2.1 Yttrium tetragonal zirconia polycrystals (Y-TZP)

As mentioned previously, zirconia used in dentistry usually contains 3 mol% yttria
(Y203) as a stabilizer (3Y-TZP) is indicated for the fabrication of crowns and fixed
partial dentures. The restorations are processed either by soft machining of pre-sin-
tered blanks followed by sintering at high temperature, or by hard machining of fully
sintered blocks. Yttria stabilized zirconia was first introduced in the dental market in
the year 2002 via soft machining [12].

The mechanical properties of 3Y-TZP are strongly influenced by its grain size.
Optimum t — m transformation occurs only in a limited range of grain size of 0.2 pm
to 0.8 pm [13]. Above a critical grain size of >1 pm, 3Y-TZP is less stable and more
susceptible to spontaneous t — m transformation whereas, grain sizes of <1 pm have a
lower transformation rate. Below a grain size about 0.2 pm transformation is not pos-
sible, leading to reduced fracture toughness. Grain size is controlled through sintering
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and the sintering conditions have a strong impact on both the stability and mechani-
cal properties of the final product. Higher sintering temperatures and longer sintering
times lead to larger grain sizes [12].

Currently, available 3Y-TZP for soft machining of dental restorations employs final
sintering temperatures between 1350°C and 1550°C, depending on the manufacturer.
Restorations produced by soft machining are sintered after milling the restoration.
This process prevents the stress-induced transformation from tetragonal to mono-
clinic and leads to a dense restoration and a surface virtually free of the monoclinic
phase unless grinding adjustments are needed or sandblasting is performed [14].

Most manufacturers of 3Y-TZP blanks do not recommend grinding or sandblast-
ing to avoid both the t - m transformation and the formation of surface flaws that
could be detrimental to long-term performance. In contrast, restorations produced
by hard machining contain a significant amount of monoclinic zirconia, usually
associated with surface microcracks, higher susceptibility to LTD and lower long-
term reliability [7, 12].

Other less commonly used TZPs contain 4% or 5% mol concentrations of yttria.
Increasing yttria content increases the cubic phase which does not undergo transforma-
tion to the monoclinic phase. This results in a ceramic that is highly translucent but with
weaker mechanical properties as transformation toughening does not occur [15, 16].

2.2 Glass-infiltrated zirconia: Toughened alumina (ZTA)

Alumina matrix is added to zirconia in order to utilize the stress-induced
transformation capability of zirconia. In-Ceram Zirconia (VidentTM, Brea, CA) was
introduced as a core ceramic by the addition of 33 vol% of 12 mol% ceria stabilized
zirconia (12Ce-TZP) to In-Ceram Alumina [12]. It is processed by either slip casting or
soft machining. In slip-casting, initial sintering takes place at 1100°C for 2 h, followed
by lanthanum glass infiltration of this porous ceramic. The glass phase represents
approximately 23% of the final product. The amount of porosity is greater than that
of sintered 3Y-TZP and comprises between 8 and 11%, explaining the lower mechani-
cal properties of In-Ceram® Zirconia® when compared to 3Y-TZP dental ceramics
[12]. In-Ceram Zirconia is stronger and more opaque than In-Ceram Alumina and
In-Ceram Spinell, therefore its use is limited to posterior crowns and fixed partial
dentures [17].

2.3 Partially stabilized zirconia (PSZ)

There was a considerable amount of research on magnesia-stabilized zirconia
(Mg-PSZ) for biomedical use but it was stopped in the 1990s to many causes. Mg-PSZ
had higher residual porosity, which resulted in a less dense and weak final struc-
ture. The large grain sizes (30-60 pm) led to wear of the opposing structure. It also
requires a higher sintering temperature of 1800°C as opposed to 1400°C of TZP, and
a strictly controlled cooling cycle, especially in the aging stage. Partially stabilized
zirconia usually contains a cubic matrix as the major phase and monoclinic and
tetragonal zirconia as the minor phases [6]. The amount of MgO in the composition
of commercial materials usually ranges between 8 and 10 mol% [18]. Precipitation
of the transformable t-phase occurs during this stage, in which volume fraction is a
critical factor in controlling the fracture toughness of the material [7]. Denzir-M®
(Dentronic AB) is the sole Mg-PSZ ceramic available for dental restorations fabricated
via hard machining [19].
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Another oxide that is used to stabilize zirconia is ceria (CeO,). Ceria provides
better thermal stability and resistance to LTD than yttria-stabilized zirconia
although the amount of ceria required to maintain the same stability is greater [20].
Ce* itself is unstable as such and reduces to Ce** which does not have a very good
stabilizing effect on zirconia [19]. It also has a lower flexural strength but this could
be improved by adding nanosized alumina in the matrix, called ceria-stabilized
zirconia/alumina nanocomposite available commercially as Nanozir (Hint-Els,
Griesheim, Germany) [20].

2.4 Zirconia containing lithium disilicate (ZLS)

Lithium disilicate has gained popularity as a monolith ceramic for single crowns
and partial coverage restorations due to its excellent optical properties and strength
and is available as machinable blanks [21]. To this technology, tetragonal zirconium
oxide with a mean grit size of approximately 0.5 to 0.7 pm is added as fillers. Zirconia
crystals act as a nucleating agent but remain in solution in the glassy matrix. The
flexural and fracture strengths are higher than lithium disilicate glass ceramics. The
mechanical properties are approximately three times higher than those determined
for leucite-reinforced glass ceramics. ZLS ceramics offer an excellent combination of
high strength and outstanding optical properties. Thus, these materials are interest-
ing for the fabrication of monolithic restorations. ZLS ceramics are marketed as Vita
Suprinity and Celtra Duo developed by Vita (Vita Zahnfabrik, H. Rauter GmbH &
Co., Bad Sickingen, Germany) and Dentsply (Dentsply Sirona, DeguDent, GmbH,
Hanau-Wolfgang, Germany), respectively [22, 23]. These materials are available as
industrially prefabricated blanks for various CAD/CAM systems [7].

2.5 Resin nanoceramics

Resin-matrix ceramics also called hybrid ceramics, were specially formulated for
CAD/CAM and mostly contain zirconia as fillers (5). Lava Ultimate (3 M ESPE) is a
highly cross-linked polymeric matrix that contains a proprietary blend of three types
of fillers: silica nanoparticles, zirconia nanoparticles and zirconia-silica nanoclusters
in 80% wt. (65% vol.) [24]. This material may offer higher flexural strength and
fracture toughness, which results in better long-term durability and polish over time.
It is available in eight shades, in both high and low translucencies. The material is
indicated for single-tooth restorations, including implant abutments [7].

Novel zirconia materials have also been chronologically divided into the following
three generations:

i. The first generation, tetragonal zirconia polycrystals (3Y-TZP), consisted of
5.2 wt% or 3 mol% yttria and 0.25 wt% alumina and has a small grain size
(0.3-0.5 pm), high fracture toughness (9-10 MPa/m2), high flexural strength
(900-1200 MPa), and Young’s modulus of 210 GPa at room temperature. It was
sintered at a relatively low temperature. They exhibited high opacity due to
the birefringent nature of the non-cubic phases of zirconia. However, clinical
studies revealed high failure rates of fixed partial dentures, anterior and poste-
rior crowns and zirconia implants, thus lacking mechanical integrity [14, 16].

ii. The second generation was refined drastically by eliminating the sintering
aid (alumina), and increasing the sintering temperature and/or duration. The
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grain size of 3Y-PSZ is increased to 0.5 to 0.7 pm, and the cubic phase content
is increased from 6 to 12% to 20-30%. As a consequence, the translucency is
increased marginally, and the biaxial strength is decreased to 900 to 1150 MPa.
Although translucency is improved, it was still insufficient for use in the
anterior esthetic zone, especially single tooth restorations [16].

—

iii. The third generation aimed at reducing the opacity, incorporates more opti-
cally isotropic cubic zirconia (50-80%), has a grain size of 1.5 pm and is
produced by increasing the yttria dopants to 4-5 mol% and increasing the
sintering temperature and/or duration more than that of the second genera-
tion. This is known as 5Y-PSZ. However, cubic zirconia is weaker and more
brittle than its tetragonal counterpart, which jeopardizes the strength and
toughness of the zirconia. The translucency is increased significantly, but the

biaxial strength is decreased to 450 to 740 MPa.

Additional experimental novel zirconia types with improved translucency have
been developed, including graded zirconia and nanostructured zirconia [14, 16].
Zhang and Kim developed graded zirconia in which feldspathic glass was infiltrated
into Y-TZP with improved hardness and esthetics. The graded zirconia cross-sectional
structure consists of an outermost glass layer, a glass-Y-TZP layer, and a Y-TZP interior.
This type of gradation occurs to have eliminated delamination of the glass [25, 26].

3. Applications of zirconia in dentistry
3.1 Dowels or posts

Generally, endodontically treated teeth have undergone significant tooth destruc-
tion, both coronal and radicular, which compromises the mechanical integrity of
the tooth [27]. All endodontically treated teeth also require a build-up to replace the
tooth structure that had been lost due to caries or other pathologies, and access cavity
preparations [28]. An assessment is made after the treatment to determine if the
prospective build-up requires additional support to be retained on the tooth in the
long term. This support comes in the form of a post that is inserted from V5 to 2/3
the length of the root [29]. Posts are available in different materials such as stainless
steel, nickel chromium alloys, carbon fiber and glass fiber [30]. Zirconia esthetic
posts are used in the anterior teeth to overcome the black color and shadow of metal
posts under translucent crowns. They have high strength and fracture toughness and
are extremely hard and stiff materials which makes their removal difficult in an event
that necessitates retreatment [3]. Although zirconia posts are esthetically acceptable,
their clinical use is limited due to a lack of retreatability and higher stiffness than
dentin which may cause functional stresses to be transferred to the dentin [31].

3.2 Crown and bridge
Missing teeth cause not only functional and structural disturbance but also
influence a person’s psychology and social interactions. All-ceramic restorations were

limited to anterior or single-tooth restorations due to their weak mechanical strength.
Porcelain-fused-to-metal has been considered as the gold standard for load-bearing
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restorations and multiple units till recent research focused on reinforcing ceramics
which resulted in the development of lithium disilicate and oxide ceramics (alumina
and zirconia) [32]. In fixed partial dentures, zirconia is used as the framework (or
matrix) over which the veneering ceramic is fired. It has been found that fabricating
the framework in the anatomic design rather than an arbitrary form contributes to
increased strength and bonding to the veneering ceramic [33]. The cumulative sur-
vival rate for zirconia single tooth crowns was 92.7% after 3 years and for fixed partial
dentures is 73.9-100% after 2-5 years [34].

3.3 Implant abutments

Dental implants have shown a high success rate for single tooth rehabilitation.
Titanium, stainless steel, gold alloy, zirconia and polyether ether ketone (PEEK) are
the most commonly used abutment materials in implant dentistry [35]. Titanium
abutments have excellent biocompatibility and mechanical strength and are con-
sidered the gold standard for posterior regions; nonetheless, they cause a grayish
discolouration of the soft tissues around the abutment [36]. In its stabilized form,
zirconia ceramics show better tissue adaptation and lower plaque retention as com-
pared to alumina and titanium when used as implant abutments. Four-year survival
rate is 100%, although long-term studies show that zirconia is prone to delamination
and degradation in the oral environment [3].

4, Fabrication of restorations

Zirconia restorations are fabricated using CAD/CAM by either soft machining
of pre-sintered blanks or hard machining of fully sintered blanks. The conventional
CAD/CAM procedure involved purely laboratory works followed by first genera-
tion developed by Duret and colleagues combining intraoral scanning and final
crown produced by controlled machining and milling. As it was not widely used
due to the lack of accuracy, another approach called networked CAD/CAM process-
ing was introduced into dental technology. While computer-aided designing (or
CAD) allows one to determine the 2-D geometry, computer-aided machining (or
CAM) allows the processing of the proposed design to calculate the path of cutting
using various tools. CAM is nothing but a machine language used by copy-milling
to fabricate a ceramic prosthesis. In spite of CAD/CAM having a high success rate
in terms of design and fitting, final crown fabrication and veneering are done in a
dental lab [37].

Normally, there are three different approaches by which ceramic restorations are
processed in dentistry: green stage processing, white stage processing and process-
ing through hot isostatic pressing (HIP). The difference between these approaches
lies in the heat treatment of the raw material used for processing. The green stage
of ceramic is only ceramic powder and binder pressed into a blank. It is very soft as
it is extremely porous and is not used for processing zirconia. The heat-treated (or
pre-sintered) green stage gives the white stage of ceramic which is processed via soft
machining. Further heat treatment of this white body results in an extremely dense
(~99% theoretical density), fully sintered blank which requires custom coloring
[7, 38, 39]. Sintering is a thermal treatment for bonding particles into a coherent, pre-
dominantly solid structure via mass transport events that often occur on the atomic
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scale. Bonding leads to improved strength and lower system energy. Sintered blanks
are characterized by enhanced density and improved properties [40].

4.1 Soft machining

Soft machining of pre-sintered blanks is the most common method of processing
zirconia restorations. Pre-sintered zirconia blanks are manufactured by cold-isostatic
pressing (CIP) of a mixture of zirconia powder, stabilizing oxides and binding agents
(the latter removed during the pre-sintering process) [21]. The prosthesis is milled from
this pre-sintered block but with bigger dimensions so as to compensate for the sinter-
ing shrinkage [39]. The most common sintering method for zirconia uses conventional
furnaces at temperatures between 1350°C and 1400°C and holding times ranging from
2 to 4 hours. An alternative protocol that is recommended by manufacturers using
conventional ovens is a short “speed” sintering protocol which uses temperatures of
1500-1600°C and a holding time of 30 minutes that is supposed to save time and be
more economical [14]. The zirconia framework attains its final mechanical properties
at the end of the sintering process when it undergoes a contraction at about 25%, and
reaches its correct dimensions. In order to optimize the fitting of the restoration it’s
imperative to know the exact volume shrinkage for every zirconia blank. The vast major-
ity of blocks have barcodes that give information fed into the computer regarding the
density of the milling block so that the framework is milled adequately oversized [39].

4.2 Hard machining

Fully sintered blocks are processed through hot isostatic pressing (HIP) at
temperatures between 1400 and 1500°C. Unlike cold isostatic pressing which uses
room temperature fluid under pressure to process zirconia blanks, HIP uses heat and
high pressure in an argon atmosphere. This is done using special furnaces, which in
addition to heavy milling procedures makes the prosthesis fabrication an expensive
task [41]. Although fully dense blanks have better mechanical properties, they lack
the popularity of partially sintered blanks owing to their long milling times and the
hardness of the dense blanks, especially in the fabrication of fixed partial denture
frameworks [38].

5. Clinical aspects
5.1 Mechanical and physical properties

Mechanical properties of the final restoration are influenced by the very first step
of synthesis of the Y-TZP nanopowder. Starting powders must be crystalline, homo-
geneous, with high purity and narrow particle size ranges [42]. The powder is then
compacted most commonly by cold isostatic pressing, to achieve a certain level of
densification, followed by sintering. Many studies have been done to assess the effect
of sintering temperature on the mechanical properties of zirconia and it was found
that monolithic zirconia retained its biaxial flexural strength at a sintering tem-
perature of 1550°C whereas, the biaxial flexural strength of core zirconia decreased
significantly. It is established that monolithic zirconia has higher flexural strength
and fracture resistance than not only conventional glass ceramics but also lithium
disilicate [15]. Zirconia shows similar mechanical properties to stainless steel [6] and
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Property Flexural strength Fracture toughness Modulus of elasticity
(MPa) (MPa m*) (GPa)

3Y-TZP 900-1200 9-10 200-210

ZTA 426-688 31-4.61 210

Mg-PSZ 898-1118 5-10 200

ZLS 123-553 1.30-2.98 61-108.2

Resin nanoceramics 200 1.09 16.4-28.1

Table 1.

Mechanical properties of types of zirconia in dentistry.

is the highest one among ceramics used in dentistry. As the strongest and toughest of
all dental ceramics, zirconia has 900-1200 MPa flexural strength, and 9-10 MPa.m"?
fracture toughness [43]. Some mechanical properties comparing the different types of
zirconia ceramics are summarized in Table 1.

5.2 Optical properties of zirconia

In an all-ceramic restoration, the ceramic material may be monolithic consisting of a
single ceramic material, or a ceramic core material that is covered with a ceramic veneer
and is known as a bi-layered all-ceramic restoration. In the bi-layered all-ceramic resto-
ration, the core supports the restoration and gives it strength, and the veneer provides
the restoration with its final shape, shade and esthetic. However, the core may also play
a part in the development of the final restoration’s shade [44]. An inherent drawback of
the multi-layered restoration is the chipping or delamination of the veneering ceramic,
which was overcome by introducing the monolith zirconia restoration. The color of
monolithic zirconia restorations is initially affected by the original shade and optical
properties of zirconia ceramics determined by the manufacturing processes. Various
laboratory procedures conducted to fabricate monolithic zirconia restorations may
influence the color. Clinical factors such as dental background, cement and zirconia
restoration features can impact the resulting color. Shade reproduction of monolithic
zirconia restorations may be affected during the long process from the production of
zirconia ceramic to restoration delivery. The final color of restoration is the result of
manufacturing processes, laboratory procedures and clinical factors [45].

The most significant disadvantage of zirconia crowns is their relatively opaque
appearance. The least translucent zirconia has 42.1% translucency of a typical glass
ceramic and 72% translucency of a lithium disilicate ceramic. Two factors determine
the appearance of a restoration: first, the intrinsic character and color of the material
and the second is extrinsic parameters like cement layer, restoration thickness and
low thermal degradation. The gloss and translucency of zirconia are brand dependent
and are greatly affected by grain size and content, yttria content and the amount of
impurities. Light scattering and thickness are two important factors determining the
translucency of ceramic [46].

As natural zirconia is white, an immediate advantage over PFM restorations is the
absence of the metallic collar usually placed on the margin, and identified by patients
as a “black line” as seen with gingival recession. The high opacity of zirconia can be
used as an advantage to a certain degree. The presence of discolored tooth stumps,
amalgam or other heavily colored restorative materials, metallic posts and cores or
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carbon fiber posts may be masked up to an extent to achieve a natural appearing
restoration [47]. Manufacturers have presented zirconia ceramics with different
visible light transmission percentages (VLTPs) ranging from 20-50%. Five types of
translucency are available for zirconia including low, medium, high, super and ultra-
translucency. Low and medium translucency zirconia are commonly indicated for
zirconia frameworks, whereas high, super and ultra-translucency zirconia are mostly
designated for monolithic restorations [45].

Much research and development has been done to improve the optical properties
of zirconia. The opacity is said to be a result of the interaction of grain sizes with
the wavelength of light, refractive index mismatch between zirconia grains and the
matrix, and refractive indices of the monoclinic, cubic and tetragonal phases. These
factors cause light to be scattered instead of being transmitted through zirconia,
leading to an opaque appearance [46]. Therefore, light scattering must be reduced to
increase translucency.

5.2.1 Factors that affect zirconia translucency

i. Composition: The addition of alumina as a sintering aid to Y-TZP enhances
densification creating fine-grained and homogeneous microstructures while
decreasing the sintering temperature and time required [13]. Alumina also
contributes to the stabilization of the tetragonal zirconia phase. However,
due to the difference in the refractive index of alumina and zirconia, which at
600 nm wavelength are n = 1.76 and n = 2.21, respectively, alumina inclusions
are considered significant scattering centres. Lowering the amount of alumina
from 0.25 to 0.1 or 0.05 wt. % can significantly improve translucency but
requires higher sintering temperatures (>1500°C) in conjunction with a longer
holding time (6 h) which in turn increases the grain size, thereby leading to
reduced translucency. The introduction of 0.2 mol% lanthanum oxide (La,0;)
in conventional 0.1-0.25 wt.% Al,0;-doped 3Y-TZP resulted in an excellent
combination of high translucency and superior hydrothermal stability while
retaining excellent mechanical properties [13].

[

ii. Increasing the yttria dopant content to 4-5 mol% increases the cubic phase
which results in an increase in the translucency, referred to as high-translu-
cency (HT) zirconia. In 2014, 3 M ESPE presented a translucent experimental
zirconia containing 7.10 wt% yttria and a reduced grain size of 150 nm
(1.5 pm). This combination resulted in a highly translucent ceramic albeit the
decreased transformation toughening, flexural strength and fracture tough-
ness, all due the result of a reduced tetragonal phase (46). An even higher
content of 8 mol% of yttria has been marketed as ultatranslucent zirconia
[Prettau Anterior (Zirkonzahn), DD cube X2 (Dental Direkt), Katana Zirconia
St and Katana Zirconia Ut Noritake (Kuraray Noritake Dental)] [46, 48].

[

iii. Sintering temperatures: Higher sintering temperatures report an increase
in translucency, generally correlated to an associated increase in grain size,
pore elimination through solid-state diffusion and consequently an increase
in density. Most monolithic zirconia ceramics should be sintered in a sinter-
ing temperature between 1400 and 1550°C and no higher than that, as at
temperatures of 1600 or 1700°C or after prolonged sintering, grain boundary

cracks can be generated, increasing light scattering [13]. Improving color and
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translucency can be done by increasing the sintering temperature and time,
though speed-sintered Y-TZP can acquire less desirable wear properties than
normal sintered zirconia [48].

iv. Porosities: Pores of a similar size to that of visible light wavelength (400 nm
to 700 nm) is the main cause of light scattering. Pores larger than 50 nm can
cause significant scattering negatively affecting light transmittance. In order
to minimize pore size, the starting zirconia powder needs to be on nanometric
scale to give a dense zirconia blank [13]. For high-density zirconia, employing
40 nm-sized particles instead of 90 nm amplifies the sintering density, and
reduces pores and scattering [13, 48].

v. Defects such as oxygen spaces: Sintering conditions have a significant effect on
oxygen vacancies. When the Y-TZP is under controlled firing or sintering is done
in a reduced environment, oxygen vacancies occur. This means that some of
the oxygen atoms leave their respective positions in the crystal lattice creating a
defect. The amount of these oxygen vacancies affect light scattering as they serve
as scattering centres. On the other hand, post-sintering in an oxidizing environ-
ment could put some oxygen back into Y-TZP crystals. However, this process also
creates porosity due to the combination of vacancies to produce larger ones at
high temperatures. Therefore, the main consideration is to control the heat treat-
ment to decrease the number of oxygen vacancies in the material [48, 49].

Grain size: The large grain size of tetragonal zirconia polycrystals has been cor-
related to reduced translucency and increased light scattering. According to classical
physics, materials containing grain sizes of less than 1 pm appear less opaque due to
the reflection and absorption of visible light. On the other hand, particles larger than
10 pm scatter more light and appear more opaque. Due to the birefringence (double
refraction) and polycrystalline nature of zirconia, there is more scattering than trans-
mission. Reducing the grain size of TZP zirconia improves translucency. The higher
sintering temperature is associated with increased grain size but reduced strength of
the ceramic. A grain size of less than 100 nm is necessary for acceptable translucency.
Currently, the mean grain size of contemporary zirconia ceramics lies between 0.2
and 0.8 pm [13, 48]. To achieve a translucency comparable to dental porcelains, the
mean grain size of 3Y-TZP should be about 82 nm for 1.3 mm restorative thickness,

77 nm for 1.5 mm and 70 nm for 2 mm [25].

Restoration thickness: Translucency decreases with increased restoration thickness
and seems to be brand-dependent [45]. A restoration as thick as 0.5 mm has better
tooth-like translucency. A minor increase or decrease in the restoration thickness can
alter the translucency significantly. A minimum thickness of 0.9 mm is required for
acceptable shade matching of HT zirconia. For color masking, a minimum thickness
of 1 mm is required or 1.6 mm thickness for ideal masking [45, 46].

5.3 Low temperature degradation (LTD)

LTD is also called aging and is defined as a spontaneous t — m transformation
occurring over time at low temperatures, and the transformation is not triggered by
local stresses or an advancing crack [50]. This occurs in the presence of water and starts
in isolated grains on the zirconia surface leading to an increase in volume [51]. Due to
this, there are stresses created in the neighboring grains and resulting in microcrack
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formation which allows the water to penetrate and ultimately there is a significant
decrease in the strength [20]. This transformation may be accelerated by water humid-
ity [52], and slowed using smaller grains and higher amounts of stabilizing oxides [39].
Ce0, in 12 and 14 mol% is more resistant to LTD than Y-TZP, however, it appears more
yellow. When Ce** is reduced to Ce**, the Ce-TZP becomes dark gray due to the high con-
centration of oxygen vacancies. LTD in Ce-TZP may be accelerated on intake of reducing
foods like glucose and lactose [50]. Other factors that influence LTD are tensile stresses,
grain size and residual stressed post sintering [20]. Tensile stresses as low as 400 MPa
can induce LTD over a course of 5 years. A crack tip forms on the surface of zirconia
which are exposed to water (or any other fluids) and the grain transforms to monoclinic.
Ast — mis associated with a volume expansion, there is an uplift of the surface at the
site of transformation. Under this grain, there is a large compression that subjects the
underlying grains to small tensile stresses. These grains transform to monoclinic and as
acycle, continue to crack through the depth of the zirconia, thus weakening the entire
structure. Reducing the grain size is said to have a restraining effect on LTD. Critical
grain size for pure zirconia at room temperature falls in the range of 5-10 nm, although
this number was calculated at above 100°C in various experiments [50].

5.4 Other considerations

Technical problems associated with the clinical performance of zirconia crowns
and fixed dental prostheses have been reported, in particular, chipping of the veneer-
ing porcelain when applied to zirconia framework structures and loss of retention.
Attempts to minimize the chipping of veneering porcelain by milling the veneers and
frameworks separately and subsequently luting them with either a luting agent or
using fusing firing (CAD on) have not been quite sufficient to address the chipping
concerns. Another attempt to overcome the veneer chipping problem was the intro-
duction of zirconia in the form of fully anatomical contoured monolithic prostheses
intended to be used without veneering porcelain [14]. The problems of layering in
zirconia-based restorations, such as veneering ceramic delamination/chipping and
veneering ceramic zirconia ceramic incompatibility, do not exist in monolithic zirconia
restorations [45]. Although monolithic zirconia ceramics have lower flexural strength
than the framework zirconia of zirconia-based restorations of equal thicknesses,
monolithic zirconia crowns have a higher fracture resistance than zirconia-based
crowns due to increased zirconia thicknesses and lack of veneering ceramics [45].

Ideally, chair-side grinding and adjustment of anatomically contoured zirconia
restorations should be avoided as they can produce rough surfaces. However, for
many restorations, it is necessary to optimize occlusion, proximal contacts and axial
contour. Grinding has two counteracting effects on zirconia: either it produces surface
compressive stress that can positively enhance crack healing (by transformation
toughening) and increase the material strength by transformation toughening or
it can induce surface flaws that may exceed the depth of the compressive layer and
negatively influence the strength of the material. Microcracks can be triggered by a
number of stimuli such as thermal changes, humidity, airborne-particle abrasion and
grinding, as mentioned previously [53]. There are a number of finishing and polish-
ing systems available for zirconia restorations in different grades of diamond grits.

Aging of anatomically contoured Y-TZP restorations could be more crucial because
restorations are in direct contact with oral fluid. Hydrothermal aging of zirconia,
known as low-temperature degradation, can occur over time within the tempera-
ture range of 65-500°C in the presence of water and other solvents. Although this
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mechanism is very slow in oral temperatures, zirconia restorations are exposed to other
factors such as constant humidity, thermal changes, pH fluctuation, and repeated
high occlusal loads due to mastication and parafunctional habits that can accelerate
the aging process and reduce the material’s fracture resistance. Also, the chemical
composition, the microstructure of various brands of high-translucency zirconia, the
thickness of the restoration, and the processing can influence resistance to aging [53].
There are few long-term clinical trials to assess the longevity of zirconia restora-
tions. Most studies concluded that the most common cause of failure was the chipping
of the veneering ceramic. Moreover, secondary caries and marginal gaps were found
in 56 to 59% of fixed partial denture abutments, although periodontal health was
maintained as zirconia is shown to be highly biocompatible with gingival tissues.
Zirconia implants were well-tolerated with healthy peri-implant bone and no bleeding
on probing in a 2-year clinical study [54].

6. Conclusion

The innovation of newer materials in the field of dentistry has been expanding
over the past decade. Most research is focused on eliminating the inherent opaque
nature and susceptibility to LTD. With single-day, chairside fabrication of prosthesis

through CAD/CAM, zirconia is still in its early stages and has a long way ahead to
meet various criteria that make it perfectly fit for use as long-term restorations.
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Chapter 6

Recent Modifications of Zirconia in
Dentistry

Ghassan Albarghouti and Haneen Sadi

Abstract

In restorative dentistry, there are basically two requirements aspired to be
fulfilled by the material of choice to be the main constituent of the restorations,
those include superior mechanical characteristics and outstanding esthetic proper-
ties. Zirconia (ZrO,) attains great popularity nowadays and is considered a promis-
ing material in dental applications. The excellent tensile strength, high thermal
stability, relatively low thermal conductivity, wear resistance, corrosion resistance,
chemical stability, low cytotoxicity, minimal bacterial adhesion, and biocompatibil-
ity properties of zirconia adding to them its tooth-like color and esthetic appearance
have promoted its introduction as a successive dental substance. It was found to
be a potential alternative and favorable material in dental restorations compet-
ing with many of the previously known and employed ceramics and metals, such
as titanium. Despite the excellent properties and wide use of titanium in dental
applications, it still suffers from unfavorable drawbacks. However, some problems
in zirconia diminish its mechanical properties, such as phase transformation and
aging, which could be overcome via the utilization of dopants within the zirconia’s
structure. This chapter discussed the main stabilized zirconia types, properties,
dental components, manufacturing, and treatment techniques. Further modifica-
tions on zirconia with the maintenance of both mechanical and esthetic properties
are still under investigation.

Keywords: zirconia, ceramics, dental applications, properties, surface modifications

1. Introduction

Zirconium, a strong solid group (IV) transition metal, was isolated for the first
time as an impure metal in 1824 by Berzelius and produced as a pure metal by van
Arkel and de Boer in 1925 [1]. It has a hexagonal close-packed (HCP) crystalline
structure at ambient conditions [2]. Zirconium is well-known for its ductility, mal-
leability, and ease of forming stable compounds. Therefore, it occurs in nature in
conjunction with other components as ores, not as a pure metal. The most common
zirconium ores include the more abundant but less pure zirconium(IV) silicate
(ZrSi0,), commonly known as zircon, and the relatively pure baddeleyite which
contains 96.5 to 98.5 weight percent zirconium dioxide also named zirconia [3].
Some of the main chemical and physical characteristics of zirconium are presented
in Table 1. The importance of zirconium manifests clearly through its compounds,
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Property Value
Atomic Symbol Zr
Atomic Number 40
Atomic mass 91.224
Density (g/cm’) 6.49
Melting Point (°K) 2128
Boiling Point (°K) 4682
Table 1.

Some physical properties of zirconium.

which have several interesting applications. Some of these applications are associated
with the nuclear field in the form of zircaloys. Moreover, zirconium in organometallic
compounds, such as zirconocenes, could act as an intermediate in the synthesis of
several biological organic compounds; and zirconia ceramics, which will be discussed
in depth in this chapter [4, 5].

Zirconia (ZrQ,) is a white polycrystalline ceramic material; it is one of the oxide
ceramics with superior mechanical and biomedical properties. The crystallographic
form of zirconia is pressure and temperature-dependent, which means it can assume
one of three phases: monoclinic (m), tetragonal (t), or cubic form (c). At ambient
pressure, the monoclinic structure, with the shape of a deformed rectangular prism,
is the stable form at room temperature, however, it has inferior mechanical perfor-
mance when compared with other phases. Crystals assume the monoclinic structure
until 1170°C, where the unusual performance occurs: shrinkage upon heating, result-
ing in a transition to the metastable tetragonal shape, a regular rectangular prism with
improved mechanical properties. This structure is stable between 1170 and 2370°C;
above this temperature, further shrinkage occurs to form the stable cubic structure,

a form with moderate mechanical properties [6]. Such phase transitions are summa-
rized in Figure 1.

The unusual performance of temperature-dependent crystalline structural transi-
tions presents a considerable problem upon cooling. A phase transformation from the
metastable tetragonal into the monoclinic phase (t - m) occurs upon cooling with
volume expansion of about (3-5%), the lattice becomes rigid and unable to accommo-
date the rapid volume expansion. Such considerable stresses through the lattice result
in a hysteresis behavior of zirconia, where catastrophic fracture and propagation of
any lattice cracks ensue over time. Therefore, pure zirconia is not easily produced and
employed due to spontaneous structural failures [7, 8]. In the case of zirconia-based
biomaterials, this problem could be catastrophic.

For the sake of inhibiting (t - m) transformation or at least reducing the transfor-
mation rate and maintaining the metastable tetragonal lattice at room temperature,
which in turn inhibits crack propagation, some significant factors could be controlled
[7, 8]. The addition of stabilizers in sufficient concentrations allows the tetragonal
lattice to maintain at ambient conditions.

Zirconia stabilization is a process that aims to suppress its crystalline structure
during cooling; by adding specific amounts of dopants to zirconia to avoid the conver-
sion to the monoclinic form during cooling and stabilize the tetragonal form at room
temperature to a great degree. Dopants, also called stabilizers, are metallic oxides such
as magnesium, calcium, cerium, and yttrium oxides.
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Temperature increases, Volume shrinks

1170°C 2370°C

Monoclinic Tetragonal Cubic

Temperature decreases, Volume expands

Figure 1.
Phase transformations of zirconia crystalline structure as temperature changes.

The lattice after stabilization overcomes crack propagation through a mechanism
known as “transformation toughening” in which the toughness is enhanced because
of the dissipation of the energy when cracking initiates to overcome the effect of the
stabilizer, a (t - m) transition occurs followed by volume expansion, which leads to
close the crack and blunt any developing crack [6]. This phenomenon would increase
the flexural strength of the lattice.

Stabilized zirconia takes a unique place among oxide ceramics due to its distinctive
mechanical and biological properties. Its mechanical properties are comparable to
those of stainless steel, for example, excellent tensile strength, high thermal stabil-
ity, relatively low thermal conductivity, wear resistance, and corrosion resistance.
Nevertheless, the excellent chemical stability, low cytotoxicity, minimal bacterial
adhesion, biocompatibility, and tooth-like color “ivory” of zirconia make it a material
of keen interest in several biomedical applications, substantially in dentistry.

Zirconia was used in orthopedic joint replacement, such as hip joint replacement
and surgical implants. In dentistry, with its protruding mechanical properties, zirconia
is successfully used in endosseous implants with the maintenance of the natural ivory
look of the tooth. Its esthetic properties enhance its utilization in dental applications
widely; since esthetic concerns become a priority, as well as medication aspects as in
Figure 2 [8].

Zirconia aging or low-temperature degradation (LTD) negatively affects its
properties, it is a water-catalyzed phenomenon that results in a slow (t->m) transfor-
mation and does not require mechanical stress. The mechanism of zirconia aging is
similar to that of transformation toughening where the transformation is prolonged

Figure 2.
Zirconia’s esthetic properties in dentistry.
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with volume expansion and stress induction to the surrounding. Then, the surface
could rise, allowing for water to move through the lattice and penetrate down, which
would exacerbate surface degradation [9]. This problem could be triggered by surface
roughness.

2. Types of stabilized zirconia ceramics available for dental and
biomedical purposes

As a ceramic material, zirconia was found to be hard but brittle with inferior
impact resistance; this constrained its application and dictated the modification of
such material with promising characteristics to permit it to work as an alternative for
several metal-based artificial joints and implants. Moreover, materials to be employed
in dental aspects have to be durable and stable under harsh oral cavity conditions
[10]. The stabilization processes of zirconia ceramics, in which oxides are added to
zirconia, enhanced its phases’ stability and retained the preferred tetragonal structure
more than before at ambient temperature, resulting in partially stabilized zirconia
(PSZ), zirconia toughened ceramics, or tetragonal zirconia polycrystals (TZP) with
improved properties [11]. Even though there are many types of stabilized zirconia
combinations, only three of them, yttrium tetragonal zirconia polycrystals (Y-TZP),
magnesium partially stabilized zirconia (Mg-PSZ), and zirconia toughened alumina
(ZTA), are intensively tested and introduced in dentistry to overcome (t — m) trans-
formation. The mechanical properties of these types are summarized in Table 2.

2.1 Yttrium tetragonal zirconia polycrystals (3Y-TZP)

When Yttria (Y,0;) is the dopant, a monophasic tetragonal zirconia polycrystal
(TZP) is obtained, usually containing 3 mol% of yttrium oxide (3Y-TZP). This type
of low porosity and relatively high-density stabilized zirconia attracted considerable
attention when compared with other combinations due to its chemical stability and
better mechanical properties supporting its biocompatibility. Exhibiting the trans-
formation toughening phenomenon makes it a favorable type in medical applications
and particularly dental implementations, including implants, crowns, abutments,
bridges, and fixed partial dentures. Production of dental restorations is carried out
through hard or soft machining along with sintering processes (Processing techniques
will be discussed in a separate section of this chapter). The key point of tetragonal
phase stability at ambient temperature is the vacancies in the zirconia lattice appeared
due to the presence of yttria.

3Y-TZP ZTA Mg-PSZ
Chemical components Y,03, ZrO, AlLO;, ZrO, MgO, ZrO,
Crystalline phase Monophase Biphase Biphase
Flexural strength (MPa) 800-1300 750-850 700-800
Hardness (GPa, Vicker’s) 10-12 12-15 5-16
Fracture toughness (MPam 112y 5-10 6-12 8-15

Table 2.
The main mechanical properties of the principal types of stabilized zivconia [8].
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Despite the features, (3Y-TZP) undergoes aging or LTD phenomenon under
hydrothermal conditions at low temperatures as well as human body temperature, and
as aresult, its mechanical properties degrade. In fact, the vacancies in the stabilized
zirconia could act as host sites for water molecules diffused from the surrounding
under hydrothermal conditions, decreasing site numbers consequently, as well as the
stability of the tetragonal phase. This phenomenon is induced by exposure to hydro-
thermal “intraoral” conditions, surface roughness, microcracking, and stresses. It is
found to be sensitive to processing conditions, including mixing, distribution, and pol-
ishing techniques. Some factors can be controlled to impact the mechanical properties
of stabilized zirconia, including the grain size and sintering conditions. Spontaneous
(t > m) transformation is susceptible unless the grain size is small. The transformation
rate is reduced when the grain size is less than 1 pm and prevented when it is less than
about 0.2 pm, and thus the brittleness of zirconia will reduce. The grain size is directly
affected by sintering conditions, particularly sintering time and temperature. Large
grain size will be obtained after a long time or high sintering temperature affecting the
phase stability [9]. To overcome the LTD problem and failure of zirconia and improve
its mechanical properties, efforts focused on the production of new composites, alu-
mina is introduced instead of yttria to have zirconia toughened alumina. But improved
(3Y-TZP) is still an attractive composite especially when computer-aided manufactur-
ing and computer-aided design (CAM/CAD) processing are applied. Some generations
reduced the LTD by adding a small amount of alumina to the (3Y-TZP) composite [12].

2.2 Zirconia-toughened alumina (ZTA)

A biphasic ZTA is accomplished by combining zirconia with an alumina matrix by
slip casting or soft machining processes for the sake of integration between alumina’s
high stiffness with zirconia’s superior toughness [13]. This type of stabilized zirconia
was found to have better fracture toughness and wear resistance, also when compared
with (3Y-TZP) it has enhanced aging resistance [14]. There is no stabilizing dopant in
this type. Thus, the stability of the tetragonal phase at ordinary temperatures depends
mainly on the particles’ morphology and size, in addition to whether the location is
intergranular or intragranular particles [9]. By adding zirconia, the grain growth of
alumina is inhibited, improving the fracture toughness of the composite. An advan-
tage of this combination is that both of these components are naturally white and thus
act as an efficient mask for teeth of dark colors. However, ZTA exhibits low translu-
cency. Therefore, it is not ideal in cases where esthetic concerns are paramount. The
opalescence of ZTA precluded it from dental restorations of anterior sites [12, 15].

For better outcomes, ZTA was incorporated into new composites using several
additives. Many ceramic oxides are utilized within ZTA to modify their properties
by influencing the lattice parameters. For example, a newly developed bio-safe
ternary composite of zirconia, alumina, and titania (TiO,) facilitates sintering
while processing and attains high mechanical properties with low manufacturing
costs [13]. In several studies, alumina was used as an additive with other stabilized
zirconia types. Alumina nanoparticles enhanced flexural strength and fracture
toughness when incorporated with ceria-stabilized TZP [10]. The addition of a
specific amount of silver as a dopant to ZTA enhances the antibacterial properties of
the dental parts [16].

The two possible zirconia-alumina composites: ZTA, which is obtained when the
alumina matrix is reinforced with ZrO, particles (alumina is the main component in
ZTA), and alumina-toughened zirconia (ATZ), which is obtained when the zirconia
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matrix is reinforced with AL,O; particles. Both composites show better toughness;
ATZ displays improved mechanical stability and aging resistance, while ZTA exhibits
much better-aging resistance [17-20].

2.3 Magnesium partially stabilized zirconia (Mg-PSZ)

Magnesia is the dopant of this type, usually using (8-10 mol%) of MgO to provide
a biphasic composition of precipitates of tetragonal intragranular zirconia within the
cubic matrix of stabilized zirconia through the introduction of magnesium cations
within the tetragonal or cubic lattice of zirconia [9, 21]. Although (Mg-PSZ) exhibits
transformation toughening with good chemical and thermal resistance properties,
this material had precluded from several biomedical applications, it is considered
an unstable material; due to its inferior properties resulting from the large grain
size, which in turn increases the residual porosity and makes it susceptible to wear.
Thus, it requires high sintering temperatures using special equipment for heating.
Moreover, (Mg-PSZ) is almost impossible to be obtained purely free from alumina
and silica, which diminishes magnesium content and allows (t - m) transforma-
tion [22-24]. The incorporation of 8 mol% (Mg-PSZ) was confirmed to enhance
the fracture toughness of (3Y-TZP) [25]. The mechanical properties of (Mg-PSZ)
can be controlled by treatment with isothermal heat, controlled cooling followed
by temperature-controlled sub-eutectoid aging [26]. Spark plasma sintering before
sub-eutectoid aging was found to contribute to finetuning (Mg-PSZ) properties [27].
Several methods were used for (Mg-PSZ) preparation, such as solid-state reaction,
sol-gel, electrospinning, precipitation, microwave, and sugar techniques [28]. In vitro
studies demonstrated the enhancement of the biocompatibility of (Mg-PSZ) when
coated with functionally graded bioactive glass, such results promote the fixation of
this type of stabilized zirconia-based dental parts [29].

3. Investigation of zirconia in dental restorations
3.1 Zirconia dental posts

If the root of the dentine is not healthy and cannot serve teeth stability, a dental
post is an option for treatment of the readily existing tooth as an alternative to the
root to support and strengthen the teeth via retention of the restorations. Stabilized
zirconia ceramics were introduced in dental posts for the first time in 1995 with
comparable mechanical properties to other metal-based posts [30]. Many limitations
in metal-based and all ceramic restorations encourage the employment of zirconia
in dental posts. Corrosion activity of some metal-based posts leads to sensitization,
unfavorable metallic taste, oral burnings, and pains. Furthermore, the esthetic con-
cern has been a critical factor in recent years since metal posts usually do not fulfill
this concern. This is clear when employed in anterior restorations, where unfavorable
metallic grayish-blue discoloration due to the complete opacity of metals could affect
the root and gingiva.

Such health and esthetic concerns dictate the development of translucent white
dental posts with high chemical stability and biocompatibility with very low toxicity
besides their mechanical properties. Zirconia is the favored efficient choice and con-
firmed as a material that attained high clinical success rates with strength comparable
to all ceramic posts. Figure 3 represents the root translucency difference between
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(b)

Figure 3.
Translucency of titanium (a) vs. TZP based posts (b) with composite build-up [30].

titanium-based versus TZP-based posts with composite build-up. To prevent the most
severe problem, restorations fractures, the root should uniformly distribute the stress
caused by the occlusal load; this could be achieved through the engagement of materi-
als of lowered Young’s modulus analogous to that of dentine.

Upon studying the features and disadvantages of zirconia-based dental posts,
some drawbacks limit their application. Retreatment of the zirconia posts in dentine
is complex since it is nearly impossible to remove or grind away the posts from the
root canal; likewise, the root temperature will increase if ultrasonic vibration is used
to remove fractured posts. Moreover, some studies proved the poor resin bonding of
zirconia posts after dynamic loading. Dental resin is a bonding material for integra-
tion between the restoration parts [31]. Also, the relatively high Young’s modulus
and stiffness of zirconia promote zirconia posts to transfer the applied stress to the
surrounding less rigid tooth, resulting in root fractures [32, 33].

3.2 Zirconia dental implants

The dental implants are similar to posts in their function as an alternative tooth
root, whilst the implant is a foundation for a missing tooth and acts as a base for
other prosthetic components for a totally-artificial tooth in the mandible or maxilla,
as shown in Figure 4(a). This foundation should conduct a robust functional and
pleasant esthetic role. In the current century, zirconia-based implants proved to be an
efficient alternative to other prominent metal-based implants used widely in the past
decades, including alumina and titanium alloys.

Despite their high success rates, titanium alloys in dental implants had some
unfavorable aspects that limited their applications, including the esthetic require-
ments and high wear properties, resulting in metallic particles causing allergic and
toxic consequences. Alumina-based implants were limited with their high fracture
susceptibility and inferior osseointegration. Stabilized zirconia, and (Y-TZP) implants
in particular, are favored for their high flexural strength, tooth-like color, low-tem-
perature conductivity, and masticatory forces bearing.

Several studies proved the biocompatibility of zirconia implants which rep-
resent a critical property as a component placed directly in contact with alveolar
bone and connective tissues. The low toxicity of such implants was also confirmed
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Figure 4.

Elucidative image of endosseous implant, abutment, and restovation (a). Bi-layer crowns of zirconia cores and
translucent veneers (b) [8].

when tested using the immune system cells, this is supported by zirconia’s low
plaque affinity, avoiding surrounding tissues’ inflammatory risks, and lower bacte-
rial colonization compared to titanium implants. Zirconia osseointegration was
directly influenced by surface roughness, which can be controlled via manufactur-
ing processes, other than the machining process such as coating, sandblasting, and
acid etching [8, 34].

3.3 Zirconia dental abutments

Zirconia abutment, the connection between the implant and the prosthesis as
illustrated in Figure 4(a), was introduced in 1996 [35]. It was developed to overcome
titanium abutment esthetic limitations, with the maintenance of its mechanical
strength. Zirconia could be sintered in titanium abutments to form titanium-rein-
forced zirconia with improved properties.

Previously, one-piece implants were designed without the introduction of the
abutment as a connection, for concerns related to wear, fitting precision, and the
colonization potential of bacteria and microbes in the micro-gap between the abut-
ment and the implant from one side and the prosthetic (crown or bridge) from the
other side. Such a one-piece implant system limited the versatility of the prosthesis
compatibility with the implants’ position. Furthermore, preparation of this type and
grinding, in particular, may trigger (t - m) transformation. Thus, a two-piece system
was developed, including an implant and a separated abutment. This combination
proved to achieve better osseointegration when the implant is not protruding, fur-
thermore, better fracture resistance would result if the stress distributes over the two
separate components.

An important point to be taken into account is that when a zirconia implant is
fitted directly to the zirconia abutment, restoration fracture is already feasible; due
to its inherent strength. Durable, nontoxic, and good adherence bonding cement
is mandatory. Many types of cement were introduced, such as zinc phosphate, zinc
polycarboxylate, glass, and resin ionomer. The last type is well-known for its ease of
use and high retention [31]. Zirconia abutments are favored over the brittle alumina
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ones, on the other hand, zirconia abutments are more susceptible to fractures when
compared to titanium-reinforced zirconia [12, 33, 36-38].

3.4 Zirconia in dental prosthesis

Dental prosthetics, including single prosthetic crowns (fixed dental prosthesis),
bridges (multiple joined prosthesis), and dentures (Full jaw prosthesis), are used
as an alternative for missing dentine. It is a major part of the restoration in which
functional and esthetic considerations must be satisfied; due to its exposure to
harsh conditions and bearing direct pressure and masticatory loads. Moreover, as an
external part of the restoration, the esthetic appearance is a priority, especially for the
anterior dentine [12]. Among the versatile types of ceramic restorations; zirconia and
lithium disilicate-based prostheses showed intrinsic promising functional capabil-
ity asin Figure 5. Zirconia prosthetics are preferred for their superior mechanical
properties and have become a popular trend among dentists as a material that fulfills
the prementioned requirements. CAD/CAM technologies’ advancement in zirconia
production also facilitates its selection as the approved type.

Prosthesis preparation is a critical factor for its fitting with both the foundation
and the veneering components [9]. Transformation toughening is crucial in mak-
ing its mechanical properties exceed other ceramic prosthetics. (3Y-TZP) is widely
preferred for its high flexural strength and fracture toughness. Versatile types could
be obtained with different properties via variations of stabilized zirconia concentra-
tion, grain size, sintering conditions, coloration technique, and surface processing
and treatment [39].

Despite the favored clinical performance of zirconia crowns and other prosthetics,
it has some drawbacks in bi-layer prosthesis, as shown in Figure 4(b), which consists
of veneering porcelain that works as a translucent mask over the opaque white zirco-
nia, mainly for esthetic concerns, and particularly in anterior regions. The veneering
porcelain in bi-layer prosthetics is susceptible to chipping and aging problems in the
presence of water. Chipping is the cohesive frailer between the zirconia substructure
and the veneer.

The veneering problem is attributed to many reasons, including a mismatch of
thermal expansion coefficient between the two layers, vacant sites due to porosity,

Figure 5.
Zirconia and lithium disilicate-based prostheses.
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lower fracture toughness of the veneer structure, overloading, and inappropri-

ate design of zirconia frameworks with insufficient support of porcelain over

the framework. Chipping could be solved in some cases simply by polishing the
rough sites, using composite resin for fracture treatment, or total replacement in
some complicated cases [40]. Monolithic zirconia recently is preferred, in which a
one-piece component is introduced instead of two separated components core and
veneer.

3.5 Zirconia in esthetic brackets

Several types of brackets have been used for orthodontic treatment, such as stain-
less steel, titanium composites, and alumina. Zirconia brackets were introduced as the
type of greatest toughness among other ceramic-based types. Its frictional coefficient
is lower than that of alumina, which is a feature. Nevertheless, zirconia’s high opacity
inhibits the esthetic appearance, especially with the growing trends for translucent
brackets [41]. Recent advances work on developing the zirconia bracket’s structure to
enhance its properties and shorten the treatment period. A treatment using zirconia
brackets fabricated in a specific process with three slots within its structure, , con-
nected with nickel-titanium arch-wires was successful, in which the tooth movement
occurs at a higher rate. A shorter treatment period was observed when compared to
edge-wise appliances [42].

3.6 Zirconia properties

Understanding zirconia properties helps in a better conception of its performance
and applications. One of the important phenomena in zirconia is low-temperature
degradation (LTD) or aging described previously in the second section. Other proper-
ties will be described in this section:

4. Biocompatibility

Biocompatibility could be described as the ability of a biomaterial or medical
component to carry out a medical therapeutic function usually for long-term con-
tact with human body tissues, with relatively no pathogenic harmful side effects,
such as inflammation, cytotoxicity, allergy, or carcinogenic effects [43]. Many
researchers tested zirconia biocompatibility in dental restoration. It is proven that
partially stabilized zirconia performed favorable initial fibroblast adhesion on its
surface, which enhances the growth of the connective tissues when compared to
titanium, polystyrene, and fully stabilized zirconia. Increasing the concentration
of yttria in partially stabilized zirconia produces fully stabilized zirconia with
arougher surface which affects the adhesion behavior [44]. In vivo and in vitro
studies proved that zirconia is an osseoconductive biomaterial in addition to being
safe and stable without reported carcinogenic or mutagenic impacts [45]. Some
studies worked on modifying zirconia surfaces, such as incorporating calcium ions,
which enhanced the biocompatibility of such restorations without affecting their
mechanical properties [46]. In general, no cytotoxic or damaging side reactions
manifest from the introduction of zirconia in dental applications, in addition to
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the good bone response with relatively no inflammation or bacterial growth within
acceptable levels [47].

4.1 Optical properties and translucency

Translucency is an intermediate property between transparency and total opaque.
Translucent material allows the transmission of light with dispersion which obstacles
a clear seen of objects through it [48]. It is a requirement for esthetic aspects in dental
restorations. Zirconia opacity is a drawback despite its naturally white color, but
zirconia’s translucency is required since color compatibility is essential. This mate-
rial also showed relatively high X-Ray opacity obstructing diagnosis [47]. Therefore,
efforts worked on the enhancement of zirconia translucency in several ways and
attempted to control its optical properties and refractive index, to tong the top choice
for restorative components. Many factors could affect zirconia’s translucency, such as
impurities, porosity, grain size, restoration thickness [49], and processing conditions.
Controlling these factors could enhance translucency [50].

4.2 Radioactivity

Zirconia was found to contain small portions of radionuclides from uranium,
radium, and thorium series type. It is possible to obtain zirconia of radioactivity
within acceptable limits via purification processes [9]. To understand the effect of
composition on zirconia radioactivity, an iz vitro study represents the radioactivity of
three common types of dental zirconia composites using gamma spectrometry, Vita
In-Ceram YZ, Zirkonzahn, and Zirkonzahn Prettau (Table 3). Zirkonzahn Prettaud
had the highest radioactivity as Figure 6 represents. Even though, all results were
within acceptable limits of 1000 Bq/kg according to the International Atomic Energy
Agency (IAEA) [51].

4.3 Wear behavior

Surface roughness influences the abrasion of material and the wear with the
adjacent teeth. Enamel wear is affected directly by the surface roughness and surface
microstructures, in addition to the surrounding environmental conditions. The
surface roughness could be raised by grinding and decreased by polishing [52].

Vita In-Ceram YZ Zirkonzahn Zirkonzahn Prettau
Components Weight (%) Components Weight (%)  Components Weight (%)
ZrO, 90.9-94.5 ZrO, Main ZrO, Main
Y,0; 4-6 Y,0; 4-6 Y,0; 4-6
HfO, 15-25 ALO; <1 ALO; <1
ALO; 0-0.3 Na,O max. 0.04 Na,O max. 0.04
Fe,05 0-0.3 SiO, max. 0.02 SiO, max. 0.02
— — Fe,05 max. 0.01 Fe,0; max. 0.01
Table 3.

Chemical composition of three common zirconia types [51].

127



Zirconia — New Advances, Structure, Fabrication and Applications

40.00 -
34.91
VITA in-ceram Y2
Zirkonzahn
30.00 - Zirkonzahn prettau
2
o
2
> 20.00 |
=
Z
T
< 11.08 HE3
10.00 -
0.00
Total

Figure 6.
Total radioactivity for each type [51].

5. Manufacturing of dental zirconia

Zirconia-based dental restorations nowadays are designed and manufactured
using CAD/CAM technology. Two techniques are mainly used for the manufacturing
process; soft and hard machining. Soft machining is based on the milling process of
pre-sintered blanks produced by cold isostatic pressing of compact zirconia powder
in the presence of a binder. Later on, those blanks will be fully sintered. High tem-
perature is utilized for the sintering step. This technique is usually used for (3Y-TZP)
manufacturing.

On the other hand, the hard machining technique uses fully sintered stabilized
zirconia blocks. The pre-sintered zirconia is obtained at a temperature of less than
1500°C to maintain the required density. Then, hot isostatic pressing is obtained at
temperatures between 1400 and 1500°C under inert conditions and high pressure to
maintain high density, hardness, and homogeneity of the blocks. A special milling
system then performs machining to obtain the required dimensions. The milling
system has to be strong and robust because the fully sintered zirconia is very hard
with low machinability [9, 15].

6. Surface modifications for zirconia dental implants

Many factors could affect the nature and properties of the fabricated zirconia
and its quality and biocompatibility, such as its chemical composition, morphology,
and surface roughness [53]. In this section, the main surface treatment methods of
zirconia-based dental restorations are discussed, which are found to have a direct
influence on its osseointegration as well as the mechanical properties. Various clas-
sifications for the treatment methods were used; herein the classification of these
methods is presented within three categories; physical treatment, chemical treat-
ment, and coating processes.
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6.1 Physical treatment
6.1.1 Surface sandblasting

It is a surface abrasion process in which the pressure of the compressed air ejects
particles strongly to acquire a surface with micro-roughness. In this process, the
abrasion is performed as a homogeneous and anisotropic abrasion on the hard mate-
rial [54]. Many studies confirm the advantageous role of increasing zirconia-based
implant roughness with sandblasting on the amount of integration and contact with
the bone tissues. The roughness is detected by a parameter known as bone-implant
contact (BIC), in addition to improving the strength of the bond, detected by the
removal torque parameter (RTQ) [55].

Sandblasting of zirconia with alumina was confirmed to increase its surface
roughness. Thus, highly efficient initial adhesion of human osteoblasts cells was
achieved [56]. However, this process has some drawbacks; sandblasting with alumina
will affect the elemental chemical composition of the treated surface, in which alu-
mina act as a contaminant. The problem could be solved by utilizing the acid etching
treatment [54]. Moreover, LTD is susceptible to occurring with increased sandblast-
ing pressure due to the impact of the mechanical forces on the surface [57].

6.1.2 Laser

Laser is a promising treatment for zirconia surface to improve its osseointegration.
Unlike sandblasting, zirconia phase transformation in laser treatment is uncommon
and surface contamination is avoided since there is no direct contact between the laser
and the surface [54]. This type of treatment is fast, easy to operate, clean, and highly
accurate; it promotes micro-grooved implant surface and thus enhances the surface
roughness. Laser treatment promotes surface properties changes, including rough-
ness, topography, and wettability. This treatment type was confirmed to improve
surface micro and nano-scaled roughness; this resulted in enhanced wettability,
which directly influences biocompatibility, cell adhesion, and proliferation.

The properties of the treated surface depend on the irradiation conditions, which
could be optimized by controlling the irradiation frequency, intensity, and time [58].
The femtosecond laser established a consistent roughness between the surface and
the bonding resin, increasing the bond strength. A fiber laser could achieve wider
adequate grooves; this advances the (BIC) and (RTQ) parameters [4, 55].

6.1.3 Ultraviolet (UV) light

As mentioned before, wettability is correlated with biocompatibility and integra-
tion with bone tissues. Many studies proved that surface treatment with UV light
increases wettability by lowering the surface contact angle below 20° to obtain a
hydrophilic and even super-hydrophilic surface. The hydrophilicity surface character
is mainly obtained due to decreasing the superficial hydrocarbons via UV light [59],
and increasing the oxygen character. When the treated hydrophilic oxide binds to
water in the wet environment near the tissues, the surface will be in the form of
hydroxylated oxide, which induces surface reactivity toward the surrounding amino
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acids and proteins [54]. Thus, zirconia treated with UV radiation exhibits very good
osteoblast response and proliferation. However, the influence of UV light on zirconia
aging still needs further effort and study. Many studies indicated that UV treatment
reduces the ability of zirconia to age, while some controversial studies found that UV
light triggers crystalline transformation [55].

6.2 Chemical treatment
6.2.1 Acid etching

Acids, such as HF, HNO;, or H,SO, usually used for zirconia surface treatment in
the acid etching process to increase its roughness homogeneously, even in the case
of irregular surfaces, without destroying its morphology. Acid etching is effective
in overcoming the prementioned sandblasting contamination problem by remov-
ing excessive residues. Thus, acid etching is usually employed in conjunction with
a previous surface sandblasting. Sandblasting of zirconia implants using large grits
followed by surface etching with a strong acid provides SLA implants, an abbrevia-
tion for sandblasted, large grit, acid-etched implant surface, with an increased surface
area, promoting surface bio-adhesion [60, 61]. A comparative animal study tested
three different types of sandblasted zirconia implants, the three types are acid-
etched (SLA), alkaline-etched, and sandblasted zirconia without etching. The results
indicated the highest BIC values were attributed to the acid-etched SLA type, while
the alkaline-etched implants achieved the lowest BIC values [62].

6.2.2 Electrochemical treatment

Despite the nonconductive character of zirconia, many electrochemical treatment
methods were proven to enhance the properties of zirconia dental restorations. For
example, electrochemical deoxidation of zirconia (ECD) improved its biocompat-
ibility by developing a micro-porous surface and thus lowering the contact angle. This
method is known to enhance surface wettability through oxygen removal from the
surface of the solid zirconia using molten salt electrolysis [63].

Recent electrochemical techniques focused on producing nanostructures on the
surface of zirconia such as nanotubes [64]. The electrochemical anodization tech-
nique (EA) is extensively used for the fabrication of zirconia nanopores or nanotubes
since it is a cost-effective technique and can control the physical and chemical proper-
ties of the prepared nanostructures. Zirconia nanotubes were found to promote the
stability of zirconia implants with better initial cell adhesion. The fabricated nano-
tubes could be modified via annealing to improve their corrosion resistance [65].

6.3 Coating

Several types of bioactive coatings are employed to augment the function of the
osteoblasts. Some of these coating materials, such as calcium phosphate, polydopa-
mine, bioactive glass, and biomolecular coatings are discussed in this section.

6.3.1 Calcium phosphate

Calcium phosphate is a mineral component in bones; this critical point acceler-
ates and supports the osseointegration when zirconia implants are coated with these
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compounds. Furthermore, calcium deposition on such coated zirconia implants and
the adhesion of proteins will be enhanced [61]. This type of coating is affected by the
properties of the utilized compound since several compounds are implicated as mem-
bers of the calcium phosphate family, such as -tricalcium phosphate (8-TCP) and the
most stable hydroxyapatite (HA) with the chemical formula Ca;o(PO4)s(OH),.
Several methods are employed for coatings. The plasma spraying method is
favored over sol-gel, wet powder spraying, and aerosol deposition techniques since
it is inexpensive and its deposition rate is high, but not suitable for complex mor-
phologies [55, 66]. However, calcium phosphate bonding on the zirconia surface is
relatively weak; several studies attempted to reinforce bonding in different ways, such
as laser treatment before coating, or the application of coating along with (HA) and
hydrothermal sintering after the coating process [65].

6.3.2 Polydopamine (PDA)

The good adhesion properties of marine mussels’ proteins attracted the interest
to take advantage of the components in these proteins. Upon studying this property,
the unusual amino acid 3,4-dihydroxy-L-phenylalanine referred to as (L-DOPA) is
confirmed as the liable component. Dopamine is considered an (L-DOPA) precursor
[67]. The introduction of dopamine and polydopamine was approved to augment
the bioactivity of the zirconia surface and enhance cell adhesion over the surface.
The enhancement is attributed to the easy adsorption processes taking place on the
surfaces due to the strong anchoring of the catechol functionality [68]. This type of
coating also reduces bacterial adhesion on the coated surface and improves antimi-
crobial activity, which aids in the rapid healing and regeneration of the soft tissues
surrounding the dental implants. Moreover, PDA coating is simple and nontoxic [67].

6.3.3 Coating with biomacromolecules

Arginine-glycine-aspartate, referred to as RGD is a tripeptide biomolecule known
for its proteins’ adhesion properties. It is found that RGD plays a key role in the adhe-
sion of osteogenic cells and thus holds significant promise to achieve efficient bioac-
tivity if incorporated with dental implants [69]. Zirconia surface coating with RGD
was accomplished through the immobilization of the coating material on the zirconia
implant surface by a process called surface biofunctionalization or biomimetic modi-
fication. This process aid in the enhancement of its biological character. RGD coated
(Y-TZP). The ability of successful chemical bonding between RGD and (Y-TZP) was
proven, and this combination performed better biocompatibility [54, 70].

6.3.4 Bioactive glass

Bio-glass, a composition of sodium, calcium, silicon, and phosphorous oxides, is
considered a bioactive material, which promotes its introduction in zirconia surface
coating. It forms hydroxyapatite between the implant’s surface and biological tissues
when present within a biological environment [55]. This type of coating is proposed
to enhance the biocompatibility of the implants and reduce the healing period.
However, the success of these attempts was limited because of several drawbacks in
bio-glass. Its mechanical properties are insufficient, making it a fragile component.
Furthermore, its thermal expansion coefficient is relatively high, so it is unsuitable for
zirconia thermal coating, and cracking of the coating is susceptible [61].
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7. Challenges and future developments of zirconia application

To overcome the dental veneer drawbacks, chipping, and delamination, in addition
to thickness considerations, attention has focused on the development and further
modifications of the monolithic zirconia. To enhance monolithic zirconia’s properties,
chemical dopants are utilized. Increasing the yttria content with a lowering in alumina
content and the incorporation of (0.2 mol%) La,O as a dopant resulted in improved
(3Y-TZP) translucency and aging resistance enhanced. Increased yttria concentra-
tion to (5Y-TZP) resulted in superior translucency and aging resistance properties,
but the toughness was scarified. Zirconia opacity is still a drawback that prevents its
participation in the anterior sites. Dopants incorporation is considered a promising
technique. The opacity of stabilized zirconia could be attributed to the light scattering
performed by its grain boundaries and microstructural defects. Alumina was found to
increase light scattering, thus its content in zirconia should decrease, but not eliminate,
to a level below (0.25 wt%). The transmittance was enhanced when the grain size of
zirconia was reduced to a diameter of less than 100 nm [71].

As known, nanotechnology is spreading every day through most of the manu-
facturing processes and applications; due to its distinct properties and the superior
development of the material’s character. For example, nano-powders with a regulated
composition of stabilizing material or additives could be used for the fabrication of
zirconia and has found to improve grains development during sintering and decreases
porosity. But for this technique, new processing methods should be developed; since
the normal fabrication method used for processing zirconia with nano-powders was
very hard [52]. Some studies confirmed the promising properties and positive role of
alumina-zirconia nanocomposite with better toughness and high capability for aging
resistance in addition to crack propagation inhibition, which increases its reliability in
medical applications [33].

The future of stabilized zirconia in the material science field is promising and
requires intensive efforts and searching for new strategies to withstand the challenge
of enhancing the esthetic properties while maintaining the mechanical properties of
zirconia at the same time. This is a game of advancements and compromises.

8. Conclusion

Zirconia has attracted significant attention recently, especially in dental applica-
tions for mechanical and esthetic considerations. Herein, we demonstrate a general
view of zirconium, zircon, and zirconia. This chapter discussed the main types of
stabilized zirconia incorporated in dental restorations: Y-TZP, ZTA, and Mg-PSZ.
Zirconia-based dental restorations, including posts, implants, abutments, fixed
denture prostheses, and orthodontic brackets, were explained. Then, an illustration
of some of the substantial zirconia properties that directly affect its mechanical and
esthetic properties, such as (LTD) or aging, zirconia biocompatibility, optical proper-
ties, translucency, and radioactivity. Surface modifications of dental zirconia are also
presented. The physical treatment techniques: sandblasting, laser, and UV light, in
addition to the chemical treatment, including acid etching and electrochemical treat-
ment, were discussed. Different coatings utilizing calcium phosphate, polydopamine,
bio-macromolecules, and bioactive glass were introduced. Finally, we demonstrated
recent developments, challenges, and directions for future research to enhance the
survival rates of different zirconia-based dental restorations.
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Chapter 7

Perspective Chapter: The
Application of Yttria-Stabilized
Zirconia (YSZ)

Alexander Chee Hon Cheong and SivaKumar Sivanesan

Abstract

Pure zirconia will transform into different phases, which include monoclinic,
tetragonal, and cubic, at different high temperature levels. Specific phases can be
retained at room temperature by adding stabilizer and yttria is one of the most common
stabilizers for zirconia, commonly formed yttria stabilizer zirconia (YSZ). To utilize
YSZ in various industry applications, the amount of yttria and sintering temperature
played a vital role. Thus far, YSZ has received a warm welcome in the industries of
thermal barrier coating (TBC), solid oxide fuel cell (SOFC), and biomaterial. However,
the limitations and challenges still occur, and this opens up the room and possibility of
enhancing and improving the material properties of YSZ for a better performance in the
mentioned area. This chapter explained the working principles of YSZ in the industries
respectively and the research been conducted to improve the materials accordingly.

Keywords: zirconia, application, biomaterial, SOFC, TBC

1. Introduction

Zirconia (ZrO,) possessed attractive material properties (mechanical, thermal, and
electrical properties) when additional conditions are included. However, the material
will encounter phase transformation at different levels of temperature [1]. As shown in
Figure 1, the crystal structure of zirconia will transform from monoclinic to tetragonal
and to cubic as the temperature is increasing, and the transformation is reversible.

By adding stabilizers to zirconia, it is one of the strategies to enhance the material
properties of zirconia through retaining a specific phase, which the ceramics material did
not come naturally at room temperature. Yttria (Y203) is one of the most common
stabilizers for zirconia and formed yttria stabilizer zirconia (YSZ). The phase transition
of YSZ is complicated but is well documented as the sintering temperature and the yttria
concentration vary. The phase diagram, which is illustrated in Figure 2, clearly indicated
the phase (or phases) of YSZ will be produced as the mole percentages (mol%) of yttria
against the sintering temperature. For example, tetragonal (¢) and cubic (¢) will be
produced with 5 mol% of yttria (5Y) and sintered at temperature 1000°C.

The Scanning Electron Microscope (SEM) samples images of different yttria
amount is showed in Figure 3. Under the same level of close view observation, the
images revealed the higher the amount of yttria, the higher the grain size of the
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The phase transformation of zirconia.
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Phase diagram of YSZ.
Figure 3.

The example of SEM images of 2Y, 3Y, and 8Y sintered at 1500°C [2].

ceramics material be produced. Grain size played a very important role in affecting
the material properties which included hardness, fracture toughness, and elastic
modulus. By sustaining a particular phase at room temperature, it allows YSZ to
function specific role in the industry as specific material properties are induced. In
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this chapter, thermal barrier coatings (TBC), solid oxide fuel cells (SOFC) and bio-
material, which are the common industry applications, will be explained and
discussed. Each application will highlight the advantages as well as the limitations
respectively. All these are related with phase retention, which beyond the zirconia
natural phase transformation toward the temperature.

2. Thermal barrier coating (TBC)
2.1 The working principles

Thermal barrier coating (TBC) refers to a thermal insulation layer for the purpose
of protecting the original material (base material) at high service operation tempera-
ture and hot corrosion environment. The described situation normally happens in
heavy duty industry like aircraft, automotive, offshore equipment (power generator).
In order to protect and secure the base material from extreme scenario and further
prolong the lifespan of the machine and system, TBC is one of the option to be used
[3]. The common components will be applied the coating included but not limited, of
diesel engine and gas turbine blade [4, 5].

Figure 4 illustrated the concept, construction, and function of thermal barrier
coating system. It basically consisted of a surface layer (or been called as “top-coat
(TC)”) to form a bond coat (BC) layer. In between these two layers, a thin layer called
Thermal Grown Oxide (TGO) is formed due to high-temperature oxidation of the
bond coat [6]. The three layers function as the coating to protect the base materials
from extreme service environment.

YSZ is one of the common ceramic materials to form the TC layer and the BC layer
is made of different types of metallic material. This is due to YSZ possessing thermal
properties like low thermal conductivity and high coefficient of thermal expansion.
This main role of BC layer is to generate an adhesion with TC, then to protect the base
material from oxidation [7]. Many research showed that 6-8 mol% yttria stabilizer

11l

Topcoat (TC)
(YsZ)

Thermal Grown Oxide (TGO)
Layer

/’- \ Cold Gas
Figure 4.

Hllustration of thermal barrier coating.
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zirconia (6-8YSZ) exhibited excellent thermal properties for example, low thermal
conductivity, and high thermal expansion coefficient [8]. The phases of this level
normally consist of tetragonal and cubic, or both phases co-exist at the same time.

TBC can be constructed by two common methods—thermal spraying and electron
beam-physical vapor deposited (EB-PVD). Thermal spraying methods included
atmospheric-plasma spray (APS), plasma spray-physical vapor deposition (PS-PVD)
and high-velocity oxy-fuel (HVOF) spraying [9]. The basic mechanism of thermal
spraying is to melt the coating material and propel it into the substrate material with
high and strong velocity. Plasma spraying basically created the scenario through
plasma jet and HVOF is to use high-velocity jet instead.

It is more common to adopt thermal spraying method for made up of TBC for a
few reasons. First, thermal spraying was widely accepted by the industry with the
technique compatible with various materials, which included ceramics, metals, and
alloys. Second, low operational cost and third, low equipment specification require-
ment. All these caused the mentioned technique received high welcoming small and
medium-sized factory. However, many previous works had reported EB-PVD method
did produce a higher quality result compared with plasma spray methods [10, 11].
Even though in recent years, new and advanced plasma spray techniques are emerg-
ing, the full exploration of the method is yet to be fully accepted by the industry. For
example, new techniques like high-velocity air fuel (HVAF) and liquid feedstock
thermal spraying, had claimed it able to produce a high quality of surface by increas-
ing the adhesive strength of the coating [12]. The technique of HVAF spraying envi-
ronment is showed in Figure 5.

2.2 Limitation and solutions

Even though YSZ is a proven material to form TC, degradation is still becoming
one of the biggest challenges, and the major failure mechanisms included residual
stress, hot corrosion, oxidation, and phase transformation [13]. All these became the
factors of shortened the life span of TBC and hinder it continuing to perform in an
optimum condition. The durability of TBC refers to the high quality of adhesive
strength and low thermal conductivity (insulation) at high temperature [14]. Once
these two capabilities been destroyed, TBC basically will fail under the tough opera-
tion and service environment, and the mentioned failure mechanisms are playing the
role to degrade TBC.

Phase transformation can be related to degrading TBC through the tetragonal
transformation back to monoclinic when thermal gradient occurs during the

Figure 5.
High-velocity air fuel (HVAF) technique [12].
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operation. The happened due to the oxygen diffused to bond coating layer and allow
chemical reaction with YSZ. This had greatly decreased the amount of oxygen of YSZ.
Since oxygen ion is one of the factors to stabilize tetragonal phase by forming chemical
bonding with zirconium ion, decreasing of the amount of the ion directly destabilized
tetragonal phase and drove the phase transformation happen. Besides that, the cooling
of TBC also contributed to the phase transformation, as that is the natural character-
istic of zirconia. However, this mechanism does not occur immediately. Various
research has been conducted to overcome the challenges of TBC to prolong the service
life, and one of the common methods is by using dopant. Co-doping Yb,03-Gd,05-
Y,03 co-doped with ZrO, (YGYZ), the outcome showed the tetragonal phase able to
be retained 40% compared to the undoped YSZ [15].

The X-ray diffraction (XRD) result revealed that the doped sample consisted of
stable tetragonal phase greater than the undoped YSZ, which is showed in Figure 6.
Take note that YVOy, is the corrosion product, due to the experimental testing by
using Na,SO4 + V,05 molten salts to simulate the real hot corrosion environment. In
another word, the doping technique also improved the hot corrosion resistance of
YSZ. This research outcomes in Figure 7 showed a similar trend of creating double
layer of topcoats by using La,Zr,0; under the similar experimental condition [16].

Slow cooling rate is another finding to avoid phase transformation, as well as to
prolong the life span of TBC as showed in Figure 8. The research reported by reducing
the cooling rate to 10 K/s, compared to 100 K/S, which is the common practice, also
increased the operational temperature from 1200°C to 1500°C [17]. All the research
revealed that doping (or co-doping) is an effective solution to minimize the phase
transformation, which will avoid the mentioned failure mechanisms.

Besides avoiding the failure mechanism, the advantages of doping technique also
bring benefits and improvement to YSZ as TBC. By doping TiO, to YSZ, as one of the
recent finding, showed the dopant able to increase the operational temperature of
TBC from 1200°C to 1600°C [18]. In Figure 9, it also resulted the doped samples (TZ)
had a lower thermal conductivity compared with the undoped sample (YSZ). The
research claimed that low thermal conductivity was attributed by the lattice disorder,
which restrict the movement of phono and lower the thermal conductivity.

Recent year, a method calls sol-gel method to fabricate YSZ aerogel had been
developed. The research outcome reported the new coating successfully lower down

¥ m-Zr0O; (monoclinic)
W r-ZrO, (tetragonal)
& YVO, (tetragonal)

Intensity (A.U)

10 20 30 40 50 60 70 80 20

Figure 6.
XRD analysis after hot corrosion at 1100°C [15].
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Figure 7.
SEM image of double layer topcoat [16].
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the thermal conductivity through

sintering method are one of those
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a finer porosity in the aerogel structure [19]. The
conceptual illustration of the method on gas turbine is illustrated in Figure 10.

This earlier work revealed that applying dopant to YSZ and using different
effective strategies to overcome the limitation
which been mentioned in TBC application. Some research work even showed that
doping and sintering methods can affect the average grain size which further affected
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Figure 10.
Conceptual illustration of the YSZ aerogel TBC coating on the gas turbine blade [19].

the mechanical properties of the materials. However, the effect also depends very
much on the substrates to be used.

3. Solid-oxide fuel cells (SOFC)
3.1 The working principles

Green technology and energy are becoming one of the major trends globally, and
the Department of Economic and Social Affairs, United Nations has established 17
sustainable development goals (SDGs). Without any surprise, clean energy and a
green environment are one of the major aspects.

Solid Oxide Fuels Cell (SOFC) received great attention for supply of
environmental-friendly energy. One of the main advantages of SOFC is to generate
power from hydrogen, natural gas, and other renewable fuels. Based on Figure 11, the
SOFC reaction can be explained by the following chemical equation:

Anode:

H, + 0> 2 H,0 + 2e— (1)
CO + 0 = CO; + 2e— ()

Figure 11.
llustration diagram of SOFC [20].
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Cathode:
0, +2e — 220%* (3)

By burning the fuel (hydrogen or hydrocarbon) as the input on anode, the con-
centration of oxygen, from the surrounding environment (air), will be “consumed,”
as illustrated in Eqs. (1) and (2). The electrons will be transported through external
circuits for industry applications. Meanwhile, oxygen on cathode side will react with
the electron been transported and produced oxygen ion, as shown in Eq. (3). The
porous character of electrolyte will allow the oxygen ions to diffuse to anode and
continue the cycle. The whole operation needs to be happened at high operating
temperature in between 800°C and 1000°C [21]. This operation of conversion greatly
reduced the gas emission (heat), which is bringing air pollution to the environment,
and the other product from the reaction will be water (H,0) [22].

YSZ is one of the promising materials to be utilized as solid electrolyte material for
SOFC. A qualify material as the medium and play the role of solid electrolyte required
characteristic of conducting ions effectively. 8YSZ possess characteristics of high
concentration of oxygen ion vacancies, which allow an effectiveness and efficiency
performance of SOFC, due to 8 mol% yttria able to retain cubic phase (c-YSZ) of
zirconia, which allow highest oxygen ion vacancies concentration compare to the
other phase of zirconia [23].

3.2 Limitation and solution

However, utilizing 8YSZ as the electrolyte of SOFC comes with restrictions and
limitations which require the high operating temperature to “activate” SOFC to reach
high ion conductivity. In such an operational environment, the components of SOFC
may encounter thermal expansion and contraction and further consume the durability
of the cell. To overcome this, it drives the scientist and engineers to study and develop
different types of materials to widen the application of SOFC. At the same time, it also
opened the possibility of continuously enhancing and improving 8YSZ without
compromising the conductivity yet continues to lower the operational temperature as
well as the mechanical properties [24]. 8YZP basically exhibited low mechanical
properties, so several research and investigation had been conducted to reach a
breakthrough of these limitations.

Instead of using conventional sintering method, flash sintering method had be
proven as the sintering method not only increase the ionic conductivity of 8YZP as
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Figure 12.
Nyquist plot of 8YSZ with (a) conventional sintering (b) flash sintering method at 215°C [26].
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electrolyte in SOFC, at the same time, produced 8YSZ to reach full densification at a
lower sintering temperature [25].

In Figure 12, the Nyquist plot, which generated by Electrochemical Impedance
Spectroscopy (EIS), indicated flash sintering produce higher conductivity, smaller
grain size and porosity. In the plot, flash sintering showed the semicircle with smaller
diameter, which referred to a smaller grain size. Smaller grain size offered higher
surface area for more ion oxygen to move or transport. This factor attributed a higher
conductivity of the ceramic material [26].

Besides sintering method, utilizing dopant also become another strategy to
increase the ionic conductivity of 8YSZ. Dopant included iron(III) oxide (Fe,O3)
reported an satisfactory result by increasing the ion conductivity [27].

The result in Figure 13 was generated through molecular dynamics (MD) simula-
tion, and it showed that the optimum result of the conductivity was 4 wt% of Fe,0;
dopant. The simulation result agreed with another research outcome by using the
same dopant [28]. The research claimed that doping can stabilize cubic phase of 8YSZ,
which is high of ion conductivity, through creating oxygen vacancies.

The result of XRD in Figure 14 validated the claim, which showed the doped
sample consist high volume of cubic phase regardless the sintering temperature. By
using the cold sintering process (CSP), the study also showed the enhancement of ion
conductivity compared with conventional sintering method.
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8YSZ doped with Fe,O; of: (a) MD simulation diagram and (b) oxygen ion conductivity of [27].
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XRD pattern of 4 wt% Fe,O;-doped 8YSZ sinteved by using cold sintering process [28].
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The illustration diagram of ion migration mechanism [29].

Figure 15 illustrated the how doping created oxygen vacancies and allow ion to
migrate and increased the ion conductivity characteristic. Dopant will introduce lat-
tice defects and distortions, which produced oxygen vacancies in the ceramic material.
The vacancies allowed migration of oxygen ion, thus increasing the ionic conductivity
of the material [29].

When entering millennium year, the doping method on 8YSZ started to focus on
improving mechanical properties, which is important to enhance the durability of the
solid electrolyte in the cell. A study had been conducted by using 8 mol% Lu,03 doped
8YSZ and successfully improved the flexural strength of the materials without
compromising the ion conductivity [30]. Other studies on the dopant like CuO, TiO,
and Bi,03, also reported the sintering aids for 8YSZ effectively aided the ceramics
material to reach full densification at a lower sintering temperature without
compromising ion conductivity [31-33]. Lower sintering temperature for full densifi-
cation, which is highly related to the mechanical properties like hardness and fracture
toughness, means less energy required during processing.

Transition metal oxide doping strategy showed significantly of improving the
mechanical properties of 8YSZ. However, an interesting study and investigation had
been conducted. Instead of using transition metal oxide as the dopant, 3YZP (10, 25
and 35 wt.%) had been doped to 8YSZ and both mechanical and electrical properties
had been evaluated. The study reported the doped material had an improved version
in terms of Vickers’ hardness and fracture toughness. At the same time, ionic con-
ductivity also increased, but with only happen under the service temperature below
550°C [34].

Sintering methods and sintering aids (dopant) had been the main factor to enhance
the ionic conductivity of the materials and elevate the performance of 8YSZ as the
solid electrolyte in SOFC. While the mentioned investigation also revealed doping
strategies able to improve the mechanical properties of the material by controlling the
amount of the dopant.

4. Biomaterials
4.1 The working principles

The phase diagram (Figure 2) showed the amount of yttria stabilizer determine
the phase of retention of zirconia (monoclinic, tetragonal, or cubic), and 3 mol%
yttria tetragonal zirconia polycrystal (3Y-TZP) is one of the ceramic materials
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received great welcoming as biomaterial. Among all the three phases of zirconia,
tetragonal phase exhibited high hardness strength and fracture toughness [35].
Besides that, zirconia also showed a friendly biocompatible characteristic, which is
greatly benefit to bone and tissue implantation [36]. The high fracture toughness is
attributed by a phenomenon called stress-induced transformation toughening. This
mechanism happens when cracking happens on the surface of 3Y-TZP, metastable
tetragonal will transform back to monoclinic, and this transformation will increase the
toughness of the material, as illustrated in Figure 16.

Due to these attractive mechanical properties, ceramic material is usually utilized
in biomaterial industry to enhance the mechanical structure of the product. Besides
the mentioned material properties, 3Y-TZP also showed itself with the criteria as the
bio-ceramic, which include high corrosion and wear resistance, and esthetics [37].

4.2 Limitation and solution

However, 3Y-TZP does come with limitations and the most common one is called
low temperature degradation (LTD) or hydrothermal aging. It is a phenomenon when
3Y-TZP exposed to moisture or humidity environment (water or water vapor presence)
at temperature between 65°C and 400°C, which commonly for biomaterial application
[38]. Such condition will allow phase transformation, from tetragonal () to monoclinic
(m), on the surface of the material then produced intergranular cracking [39]. This is
because the tetragonal phase of 3Y-TZP is a metastable state at room temperature and
transformed back to monoclinic phase, which is the most stable phase of zirconia at
room temperature, will easily take place under such environment. Once monoclinic
phase saturated and dominated the microstructure of the material, the mechanical
properties will also degrade. It received a great welcome from the biomedical industry
to study and investigate the factors to improve and overcome the mentioned challenge.
However, the effect of LTD did not happen immediately but the degradation will take
long period of time. In order to study LTD effectively, scientists and researchers simu-
lated the condition under the environment of laboratory. The condition commonly by
using conventional water-vapor autoclave operating at low temperature (98, 121 and
132°C) respectively and under adiabatic pressure for different exposure time [40]. In
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Figure 16.
Hllustration of transformation toughening of 3Y-TZP.
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Figure 17.
Monoclinic vs degradation time of 3Y-TZP under degradation exposure time (134°C, 4 bar) [41].

Figure 17 showed the example of the evaluation of the phase transformation (¢ - > m)
when exposed the simulated degradation environment [41]. The method has been
proven as an effective way to assess any modified and improved 3Y-TZP of the
characteristic toward the resistance of LTD.

Several studies showed doped 3Y-TZP exhibited good LTD resistance by delaying
the phase transformation then further minimized the degradation of mechanical
properties. Co-doping CaO and CeO; to 3Y-TZP exposed to the simulated LTD envi-
ronment, the result in Figure 18(a), reported that the no monoclinic phase exists in
the microstructure of the samples regardless the amount of both the dopants [42].

Manganese dioxide (MnO;) (0.5 wt% and 1.0 wt% respectively) achieved a similar
result under the same LTD laboratory condition but exposed to a longer holding time,
120 h, which showed in Figure 18(b). The dopant effectively increase the LTD
resistance of 3Y-TZP [43]. Both XRD diagrams also revealed a stable tetragonal phase
in the microstructures, which enhanced the mechanical properties like hardness and
fracture toughness of the doped 3Y-TZP as well.

Besides the mentioned dopant, other transition metal oxide like Copper Oxide
(CuO), graphene oxide (GO), Flaysh also had been studied and investigated and

l
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Figure 18.
XRD pattern of the samples after degradation exposure time of (a) 30 h [42] and (b) 120 h [43].
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achieved a similar outcome [44-46]. Some research even brings further insight by
relating the LTD resistance of 3Y-TZP with grain size. It reported grain size less than
3 pm will improve the LTD resistance and beyond the mentioned size, the effect will
not take place. And doping Ceria and Alumina to 3Y-TZP able to control the grain size
below the mentioned level effectively [47].

Sintering condition, which included sintering temperature and sintering holding
time, also played a vital role for improving the LTD resistance of 3-YZP. The sintering
temperature, 1450-1650°C and holding time, 1, 2 and 4 h, became the study scope.
The outcome revealed that the higher both the mentioned parameters, the higher
sensitivity of LTD of 3Y-TZP [48]. In year 2018, a research showed that the level of
LTD resistance as well as the microstructure of 3Y-TZP had been improved through
different sintering cycle and conditions [49]. The effect of pressureless sintering
with a range of temperature, 1400-1600°C, and to produce an optimum result
between the resistance of LTD, hardness and fracture toughness also had been
studied. The outcomes of the study showed that the optimum sintering temperature,
1500°C, is the best temperature to balance the three (3) mentioned material properties
of 3Y-TZP [50].

There is a huge potential to continue to improve 3Y-TZP application for biomedi-
cal related industries. Both sintering and doping methods have shown promise in
enhancing the aging resistance and mechanical properties of 3Y-TZP, making it more
suitable for use in biomedical applications. Ongoing research in these areas is expected
to further enhance 3Y-TZP’s potential for biomedical use and lead to new innovations.
Therefore, both methods are valuable tools in unlocking the potential of 3Y-TZP for
biomedical applications.

5. Conclusion

YSZ is a versatile material that can be applied in various industries, which include
TBC, SOFC, and biomaterials.

In the context of TBC, YSZ has become the promising material due to its material
characteristic to withstand high-temperature environments and protect underlying
components from thermal damage. This makes it ideal for use in gas turbine engines
and other high-temperature applications.

In the field of SOFC, YSZ is commonly used as an electrolyte due to its high ionic
conductivity and stability under operating conditions. The use of YSZ electrolytes has
contributed to the development of high-performance SOFCs, which have the potential
to play a significant role in the future of clean energy production.

YSZ’s biocompatibility and high mechanical properties like hardness and fracture
toughness make it a suitable material especially for implants, and other biomedical
structural-related applications.

The use of different sintering methods and various dopants played an important
role in to overcome the different challenges and able to enhance the material proper-
ties of YSZ, such as its crystal structure (phase) stability, ionic conductivity, and
mechanical properties. Even though it seems that thermal properties, electrical prop-
erties, and mechanical properties are emphasized in TBC, SOFC and biomaterials
respectively, it can be challenging to achieve significant improvements in all proper-
ties simultaneously. Therefore, it is important to prioritize specific properties based
on the requirements of each application.
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