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Abstract Ceramics are inorganic nonmetallic materials (oxides, carbides, nitrides,
etc.) processed after sintering of natural or synthetic precursors at high temperature.
They can also be applied at or resist high firing temperatures. They are highly crys-
talline (most of the advanced and traditional ceramics), semi-crystalline (vitrified
ceramics such as earthenware, stoneware, and porcelain), or completely amorphous
(glasses). The composition/structure relationship, method of processing, raw mate-
rials, and applications determine the properties of ceramics and whether the ceramics
are traditional or advanced ones. The first man-made ceramics were pottery objects
and figurines from clays after firing. Several stages have been considered in the devel-
opment of ceramic industry until reaching the production of advanced ceramics. The
second stage for development of ceramic includes the production of glazed-colored
ceramics, ceramic arts, and building products. Recently, new categories of advanced
ceramics have been developed for electronics, biomedical, semiconductors, energy,
and optical and structural applications. In the present chapter, we are going to shed
light on the stages of development for advanced ceramics. Types and classifica-
tions, advanced processing techniques, properties, sintering as well as new forms
of applications will be presented in the current chapter. Examples of these kinds of
advanced ceramics, e.g., alumina, zirconia, Mg—Al spinels, silicon carbide, silicon
nitride, ceramic composites, thin films, etc., with their specific applications will be
also presented.
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1 Historical Background of Ceramics

Ceramic, as a word, comes from a Greek word called kéramos, “potter’s clay”. It is
one of the most ancient products and its industry has been discovered since thou-
sands of years. Its discovery returns to the discovery of clays and clay firing. The first
ceramic artifact was produced in 28,000 BCE (before the Common Era), i.e., through
the Paleolithic age. It was a statue of a woman, called the Venus of Dolni Véstonice,
from Brno, Czech Republic. After thousands of years (18,000-17,000 BCE), the
first pottery was detected in China and then in Japan and Russia in 14,000 BCE. The
application of ceramic has been raised intensively though the Neolithic period (9,000
BCE) and the ceramic-clay products became common as vessels for water and food,
art stuffs, tiles and bricks, and their application moved to the Middle East and Europe.
The first products were withered under the sun or sintered at <1,000 °C in simple
furnaces dug in the ground. In 7,000 BCE, sharp tools prepared from naturally occur-
ring volcanic glass have been used. It has been stated by the Roman historian Pliny
that the first artificial glass was unintentionally prepared by Phoenician merchants in
5,000 BCE during cooking on the fired sodium-containing rocks while relaxing on
the beach. The heating led to fusion of rocks and formed glass. After that, some glass
objects have been produced in Mesopotamia and Egypt dating to 3,500 BCE. Also,
during that period the wheel-forming tool for the production of ceramic artifacts and
pottery has been started to be applied. A new development, i.e., glazing of pottery,
has been introduced in Mesopotamia in 3000 BCE. On the other hand, the Egyptians
began to build firms for glassware industries in 1500 BCE. At the same time, the
Greeks reached the maximum development for vases industry. In 600 CE (Common
Era), the first kiln working at 1350°C was made in China to produce porcelain from
kaolinite. This industry continued in Europe and the Middle East during 1600 CE.
The first blast furnace made from natural or synthetic refractory materials working
at 1500 °C was produced in Europe in 1500 CE for melting of metals, glasses,
building materials, and porcelain. With the progression of industries, new materials
with new properties have appeared. The electrical insulator ceramic was invented
in 1850. After 1939, the application of advanced ceramics in different areas such
as electronics—optoelectronics, biomedical, energy, automotive, and aerospace has
been increased. With the emergence of nanotechnology, new applications such as
transparent ceramics, ductile ceramics, hyperelastic-bones, microscopic capacitors,
and ceramic coatings are developed. From the aforementioned stages of ceramic
development, it is expected that the worldwide market will reach 1.1 trillion dollars
against 800 billion dollars in 2018 [1].
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2 Introductory Remarks on Ceramics

Ceramics are inorganic solid materials composed of metal/metalloid and nonmetal
elements with ionic or covalent bonds, e.g., metal oxides, carbides, and nitrides. They
can be prepared at and withstand high temperature. The nature of chemical bonds
intensely affects the properties of ceramic materials such as high melting point, and
thermomechanical and optical properties [2, 3]. Most of the ceramics are insulators
for electricity due to the deficiency of free electron as in the case of metals [4].
The most common conventional raw materials are kaolin and the advanced ones are
alumina, spinels, silicon carbide, tungsten carbide, silicon nitride, etc. These mate-
rials can be applied as wear-resistant materials, cutting tools, biomedical, electronics,
and structural application. Most of the ceramic materials are crystalline, while the
amorphous ones are being glasses. The properties of ceramics depend mainly on
the structure and chemical composition of ceramics. The microstructure, density,
grain size distribution, amount of porosity, and liquid phase contents are impor-
tant factors affecting the overall properties of ceramic materials. The microstruc-
ture comprises the main grains, secondary phases, grain boundaries, closed and
open pores, microcracks, and structural defects. These parameters in addition to the
processing conditions are totally affecting mechanical, optical, thermal, electrical,
and magnetic properties.

3 C(lassification of Ceramics

Ceramics are classified into two main categories including traditional (conventional)
and advanced ones. The first group involves whitewares, structural and heavy clay
products, cement, and refractories and they are derived from natural sources [5]. Also,
it includes glass and glass-ceramics [4] which can be produced from pure chemicals
or natural resources. Some types of glass and glass-ceramics belong to the category
of advanced ceramics depending on their advanced applications. On the other hand,
the advanced ceramics are fabricated by sophisticated chemical processing methods
from synthetic or raw materials giving the desirable product with high purity and
improved physical, mechanical, electrical, magnetic, superconducting as well as
optical properties. The following scheme (Fig. 1) represents the classification of
ceramic materials.
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3.1 Traditional Ceramics

3.1.1 Clay Products

Clay is an interesting widespread natural material widely applied in the globe [6]. Itis
the most known raw material utilized worldwide owing to its astonishing properties as
abundance, feasibility, environmental friendly, and suitability for numerous practical
and creative purposes containing applications like agriculture, engineering, geology,
environment, pharmaceuticals, etc. [7, 8]. Economically, itis a low price raw material
as compared with other pure and natural materials [9]. It is worth mentioning that
the clay is formed through elongated time by regular chemical weathering of silicate
rocks using diluted carbonic acid and solvents. Thus, the clay is categorized into two
kinds; the main one is formed as a residual deposit in the soil and remains at the
place of formation. The second one is that translated from its original place by water
erosion and deposited in a new sedimentary deposit. Itis crystalline with fine particles
of pseudo-hexagonal shapes and few micrometer sizes [10]. It is mainly composed
of hydrous-aluminum silicates with minor amounts of iron (Fe), magnesium (Mg),
alkali metals, alkaline earths, etc. [11]. On the other side, their atomic structure is
mainly composed of two basic units, i.e., octahedral- and tetrahedral-sheets. The first
unit consists of closely packed oxygen atoms and hydroxyl groups in which Al, Mg,
and Fe atoms are ordered in octahedral symmetry. On the contrary, silicon atoms are
equidistant from four oxygen atoms or hydroxyls, arranged in a tetrahedron pattern
[9, 12].

After giving a brief introduction on clay, now we are going to provide some
examples of traditional clay products. They are classified as unvitrified or vitrified
products. The vitrified one is fired at a higher temperature and formed of fused clay
and other compounds having glassy feature, e.g., whiteware. Unvitrified products are
fired at lower temperature and form porous ware such as pottery and earthenware.
The following are some clay products:

(a) Pottery is a category of traditional ceramic products which has high porosity and
is densified at low temperature <900 °C. It is not glazed but can undergo surface
modification and decoration. Recently, they can be applied in flowerpots, roof
tiles, bricks, and art ware.

(b) Earthenware is a known porous (10-25%), and opaque product which is densi-
fied at 900-1200 °C. Its raw materials are ball clay (25%), China clay (25%),
flint/sand (35%), and feldspar (15%). It can be applied to bricks, tiles, and tin
enameled majolica.

(c) Whitewares have many types of clay products such as hard porcelain for artware,
tableware, semi-vitreous tableware, hotel china, vitreous sanitary ware, vitreous
tile ware, electrical porcelain, and dental porcelain. Porcelain is one of the most
interesting products in this category. Its raw materials are flint/quartz sand (13%,
Si0,), feldspars (KAISi3Og—NaAlSiz;Og—CaAl,;Si»Og, 12%), China clay (63%
kaolinite, Al,Si,0s(OH)4), and ball clay (8.7%). It is produced by multiple steps
of cycle heating at around 1400°C. The main phases of the fabricated porcelain
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are quartz, mullite (AlgSi»O13), and glass; which are equivalent to about 60%
Si0,, 32% Al,03, 4% K,0, and 2% Na,O oxides with minor amounts of iron,
titanium, calcium, and magnesium oxides. The role of clay is to offer small
particles, and good plasticity for easier shaping, while feldspar gives fluxes and
forms liquid phases that increase the strength. On the other side, flint can be
considered as filler that forms liquid phase and controls the thermal expansion
of densified bodies.

The second interesting example of this category is sanitary ware. It includes several
products such as bidets, wall urinals, water closets, washbasins, and cisterns. The
main raw materials are ball clay (23-25%), china clay (25-27%), flint or quartz sand
(20-30%), and feldspar or nepheline syenite (20-30%). It is formed by slip casting
process with controlled rheology and then glazed by a spray gun. The body is coated
by several layers of engobe, and glaze.

The third class of these ceramic products is the wall tiles. This type of ceramic
has low shrinkage during firing (about 1%). The main composition of wall tile is
ball clay (22.5-25%), china clay (22.5-25%), flint/quartz sand (40%), and limestone
(CaCOs3) (10-15%). It is shaped by pressing in a die cavity and sintered at about
1100 °C. After fabrication, it is subjected to glazing.

3.1.2 Cement

There are several kinds of cement-binding materials as lime, gypsum plaster, natural
cement, high alumina cement, pozzolana, masonry cement, magnesium oxychloride
cement, calcium aluminate cement, Portland cement, and geopolymers. In spite of
the pozzolana cement has been invented (in 1824) before Portland cement, the most
famous one is the Portland cement. The pozzolana cement is formed by the reaction
of lime water with silica to form bomorite gel (Ca0)3(Si0;),(H,0)3. On the other
hand, the Portland cement could be prepared by firing the limestone with clay at
1450 °C to produce clinker. The produced clinker is milled with about 5% gypsum
to produce the Portland cement. The addition of gypsum is to control the setting.
The chemical composition of Portland cement is 64—67% CaO, 5-5.5% Al,03, 3%
Fe;0s3, 22% Si0,, 1.4%MgO, and 2.1 % SO3, in addition to minor quantities of
alkali. The clinker consists of four main phases, namely, 50-70% alite (tricalcium
silicate Ca3SiOs), 15-30% belite (dicalcium silicate Ca,Si0Oy4), 5-10% aluminate
(tricalcium aluminate Ca3Al,Og), and 5-15% ferrite (tetracalcium aluminoferrite
Ca AlFeOs). Upon the reaction of cement with water, it hardens and forms hydrated
gel due to the reaction of water with all cement phases. At the early ages of reaction,
the strength is developed owing to the fast reaction of alite, while after a long time,
the strength is developed due to the reaction of alite and belite with water [13].

Calcium aluminate cement (CAC) is fabricated by firing a mix of limestone and
bauxite or any materials that contain alumina at 1450-1600 °C. The formed fused
clinker is crushed and ground until getting very fine powder [14].



Advanced Ceramics: Stages of Development 7
3.1.3 Refractories

Refractory ceramics are materials that can be fabricated and applied at high temper-
atures. They are mainly applied for lining and repairing the industrial furnaces, e.g.,
steel and metallurgical furnaces, cement kilns and glass melting furnaces. According
to the type of industry in which they are applied, they can be classified into acidic,
basic and neutral refractories. The acidic ones are based on SiO; and silica-containing
refractories as fireclay series, sillimanite, and andalusite; these types resist the acidic
slags. The second ones are basic refractories which depend on MgO as magnesite,
dolomite, chrome—magnesite, and magnesite—chrome; they are resisting the basic
slags. The third class is neutral refractories which are relatively inert in acidic and
basic slags. This type includes carbon, chromite, forsterite, and spinels. The refracto-
ries can be applied in the forms of bricks of standard shapes and sizes, tubes, castbles,
sheet, cloth, tape, and formable shapes. The recommended refractory properties are
low thermal expansion, high thermal shock resistance, and low thermal conductivity,
high refractoriness, good cold and hot strength, as well as excellent slag resistance,
low porosity, and high bulk density [15—18].

One of the most interesting systems in refractory ceramics is MgO-Al,Os.
It exhibits highly refractory oxide materials, namely, periclase (MgO), spinel
MgAl,0Oy4, and corundum (a-Al,O3). The melting points of these phases are about
2800, 2100, and 2050 °C, respectively. This system includes periclase, spinel-bonded
magnesia, spinel, spinel-alumina, and corundum. All of these materials are highly
refractory and have a wide range of applications for industrial furnaces lining or for
advanced applications as structural, electronic, and biomaterials [15-18].

The known stages for the production of refractory are crushing and grinding of
raw materials, mixing, molding/casting, drying, and firing. The raw materials include
clay, bauxite, chamote, sand, magnetite, dolomite, etc. Generally, the refractory can
be applied in the form of shaped refractories, e.g., bricks, or unshaped refractories
as castables/concrete, and mortars [15-18].

3.1.4 Abrasive Material

An abrasive material is a hard and tough grain material that can be produced naturally
and synthetic, and utilized as a medium for cutting, grinding, and polishing processes
of materials to make a smooth and refractive surface. The natural ones are impure
natural materials such as emery, corundum, quartz, flint, garnet, diamond, tripoli,
diatomaceous earth, sandstone, pumice, and natural-sharpening stones [19]. The
synthetic ones are pure materials since we can control the method of preparation.
They are like SiC, Al,Os, glass, steel wool, and shot, as well as grit. The abrasive
grains must be harder and tougher than the medium in which they are applied;
moreover, they must resist thermal and mechanical shock as well as friability. The
abrasive processes include grinding, honing, lapping, and polishing.
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3.1.5 Glasses and Glass-Ceramics

Historically, glass has been discovered thousands of years ago. It is dissimilar to
ceramic, which is mostly crystalline material; glass is an amorphous material fabri-
cated after fusion of its precursors at relatively high temperature, casting, and then
annealing at lower temperature. It has attractive properties as optical transparency,
hardness and easy for shaping and can be applied for conventional and advanced
applications. For example, they can be applied for window glass, light bulbs, TV/
computer display tubes, optics, fiber optics, cookware, and biomedical applications.
The commercial glass includes soda-lime, lead, borosilicate, aluminosilicate, and
high-silica glasses. The soda-lime is the most common one; it is composed mainly
of Na,0-Ca0-6Si0; in the presence of few amounts of alumina, borate, and arsenic
oxide or antimony oxide. The alumina is added to improve the corrosion and crys-
tallization resistances, while borate enhances the workability and arsenic oxide or
antimony oxide helps to eliminate the bubbles. This kind of glass is inexpensive
and is applied in bottles, electric bulbs, and glazing. Borosilicate glass (Pyrex glass)
has good corrosion and thermal shock resistance and could be applied in automo-
bile headlamps, cookware, and laboratory apparatus Alumino-silicate glass can be
applied when high chemical durability, strength, and resistance to devitrification are
needed, e.g., cookware, fibers, and seals. Lead glass has a high refractive index, so it
has a high luster and is named crystal glass. It is applied for high-quality artware and
tableware, radiation shielding, lamp envelopes, seals, and optical ware. High-silica
glass has high resistance to chemical attack. Fused-silica glass is a special one having
>99% silica content. It is used at high temperature cycling as crucibles. Fused-quartz
is a high expensive one and is applied in special optical applications.

Comparing to the other types of materials, glass is characterized by larger optical
properties which are affected by the imperfection, impurities, stresses inside glass,
and surface roughness.

The addition of nucleating agent and thermal treatment of the glass lead to the
formation of crystalline materials called glass-ceramics. It is worth to mention that the
glass-ceramics are regularly not wholly crystallized; the crystallization percentage
ranges between 50 and 95 vol%, and the remaining is residual glass [20]. To obtain
glass-ceramic, many parameters should be controlled, e.g., appropriate heat treat-
ment process for the right glass composition since some glasses are highly stable
and cannot simply crystallize [21]. Nowadays, there is an emerging mandate for
developing the glass-ceramics to be engaged in various applications. These include
construction instead of stone [22], optical applications since they have translucency/
transparency properties [23-25], and military applications (aircraft and missiles).
That is glass-ceramics have excellent properties such as low thermal expansion coef-
ficient, excellent abrasion resistance, high mechanical strength, and high radar wave
transparency [26, 27]. Moreover, glass-ceramics have various biomedical application
[22, 28].
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3.1.6 Ceramics from Waste Streams

A huge amount of solid industrial wastes are produced as by-products from many
industries. These wastes might cause environmental pollution for air, soil, and water
resources. Recently, a great interest has been directed to use these wastes in the
production of traditional and advanced ceramic products [29]. These wastes include
silica fume, waste clays, grog, granite sludge, aluminum dross, blast furnace slag,
slags from different metals industries, cement dust, glass culets, etc. For example,
silica fume is a by-product produced after the production of silicon metal and ferrosil-
icon alloy in a huge amount. It consists of very fine and active spherical particles, and
has been applied in many industrial ceramic products such as cordierite, forsterite,
mullite, building concrete, refractory castables, and many other ceramic products. It
has an efficient effect on improving the mechanical properties of building concrete
and refractory castables. Also, silica fume has been used for the production of foamed
and non-foamed geopolymers [30]. Moreover, it has been utilized for the produc-
tion of advanced ceramics, nanosilicon carbide, and silicon carbide/silicon nitride
composites by mechanical alloying and thermal activation method [31-34]. The use
of various slags, and tailings in the production of conventional ceramics is also
advantageous for both circular economy and virgin resources’ preservation [35, 36]

3.2 Advanced Ceramics

These types of ceramics have received a great attention in the recent technologies
and they play interesting roles in various industrial applications such as energy
and energy storage, transport, life sciences, electronics, and communication. This
is due to their outstanding properties which cannot be originated in the conventional
materials, such as mechanical, chemical, physical, electrical, optical, and magnetic
properties [37-39]. Their name varies according to the society; the Japanese say
“fine ceramics”, American society says “advanced ceramics” or “technical ceram-
ics”, while the European society says "technical ceramics". One of the most impor-
tant things is that these materials are cheaper and more cost-effective than metallic
ones [37]. Advanced ceramics can be classified into structural ceramics, electroce-
ramics, environmental-related ceramics, ceramic coatings, ceramic composites, and
nanoceramics for different applications.

3.2.1 Structural (Engineering) Ceramics

One of the most interesting types of advanced ceramics is the structural ceramic.
It includes different types such as bioceramics, tribological ceramics, automotive
ceramics, and ceramic armors. The demand for structural ceramics comes from their
applications to protect and serve human beings; thus, they exposed a higher progres-
sive rate. These types of ceramics include alumina, partially/fully stabilized zirconia,



10 M. E. Zawrah et al.

silicon carbide, silicon nitride and boron nitride, ceramic composites, etc. [40]. The
following are some examples of structural ceramic materials.

(A) Alumina (Al,03)

Alumina is the most common structural ceramic, since it has several attractive prop-
erties like high melting point, high wearing resistance, high chemical durability,
low density, good hardness, as well as good strength and availability. It is worth
to mention that alumina has several crystal metastable polymorphs in addition to
the stable form (corundum or alpha-alumina). The metastable forms are classified
into two main classes; a face-centered cubic (fcc), or a hexagonal close-packed
(hcp) arrangement of oxygen anion. The type of each polymorph depends on the
distribution of cations inside it. Fcc packing of oxygen contains y, n (cubic), 6
(monoclinic), and 8 (tetragonal or orthorhombic), while the hcp forms include o
(trigonal), k (orthorhombic), and s (hexagonal). Some other monoclinic alumina
forms have been recently recognized. The metastable forms of alumina (e.g., y-
alumina) have small particle size, and high surface area, thus they can be applied
as adsorbents, catalysts or catalyst carriers, coatings, and soft abrasives. Alumina
occurs in nature as alpha-alumina which forms gemstones ruby and sapphire. They
contain some impurities of titanium (Ti), iron (Fe), and chromium (Cr), and have blue
and red colors and therefore, they can be used in jewelry industry. On the opposite
side, leucosapphire is a synthetic and colorless form that has high-strength optical
components and is commonly used for cabin windows and active laser components.
Polycrystalline Al,O3 can be applied for various uses like electrical insulation, wear
resistance, mechanical ingredients, biomedical applications, etc. However, it has
relatively low fracture toughness along with low fracture strength which leads to
the rapid spreading of cracks and consequently it has a negative effect on its perfor-
mance for some applications [41]. However, this serious drawback can be overcome
by preparing composites containing metals to enhance the fracture toughness and
strength [42-49].

(B) Zirconia (ZrO,)

Owing to its superior mechanical properties along with its high ionic and thermal
conductivity, ZrO, has many potential applications [50]. Generally, it has high
strength, toughness, hardness, and wear resistance, good frictional behavior, none
magnetic, electrical insulation, low thermal conductivity, corrosion resistance in
acids and alkalis, modulus of elasticity similar to steel, and coefficient of thermal
expansion similar to iron. It is chemically inert and has three polymorphs, i.e., mono-
clinic, tetragonal, and cubic. The monoclinic transforms into a tetragonal at 1173 °C,
the tetragonal transforms into a cubic phase at 2370 °C, these transformations are
reversible. The transformation of tetragonal to monoclinic is accompanied by 3-5
expansion and shape deformation. Zirconia can be partially or fully stabilized by
magnesia or CaO and Y,0j3. The main applications of zirconia are pumping compo-
nents, blade edges, wear resistance parts, nozzles, dies, telecommunications, biomed-
ical, refractories, refractory fibers, thermal barrier coatings, electrolytes, oxygen
sensors, fuel cells, furnaces elements, and gemstones [51].
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(C) Silicon Carbide (SiC)

SiC is one of the most attractive structural ceramics since it has remarkable charac-
teristics such as good chemical inertness, high hardness, low density, and coefficient
of thermal expansion, as well as excellent thermal and chemical stability [52]. It is
found in nature as a mineral moissanite which is rare thus most of the silicon carbides
are synthetic. One-dimensional (1D) nanostructured materials (e.g., nanowires and
nanotubes) are highly necessitated for different potential applications. 1D SiC nanos-
tructure has highly desired physical and electronic properties as a wide band gap
semiconductor of band gap energy ranging from 2.2 to 3.4 eV. This variation in
band gap is owing to their polytypes with a high electronic mobility and thermal
conductivity. Since SiC has a high melting point (2873 °C), it can be applied at
high temperature. Due to its chemical inertness, it can resist the harsh environmental
conditions. Based upon these outstanding characteristics, SiC is extensively used
in different industrial fields such as electronics, heating elements, and structural
materials. Another promising usage for such high-strength material is enhancing
the thermal and mechanical properties of other ceramics like alumina and mullite
via composite fabrication [52]. It could be fabricated industrially by the Acheson
method by silica sand with coke (carbon) at high temperature in electric furnaces.
The sintering of SiC needs high temperature and inert atmosphere.

(D) Other Non-oxide Ceramics

TiC, ZrC, TaC, SizNy, TiN, BN, AIN, TiB,, ZrB,, B4C, and HfB, are also interesting
types of non-oxide ceramics having serious properties and applications when applied
separately or in composite forms [53—-61]. For example, SizNy is one of the main
structural ceramics; it has high mechanical properties and excellent wear resistance.
This is due to the developed microstructure that arises after liquid phase sintering in
which high aspect ratio grains and intergranular glass phase lead to excellent frac-
ture toughness and high strength. Si3sNy was fabricated for the first time in 1955
for use as thermocouple tubes, molten metal crucibles, and also rocket nozzles. It
was prepared by nitridition of silicon powder compacts, and attention initiated to
rise for possible use in gas turbines. There are reaction-bonded and sintered silicon
nitride types. Non-oxide ceramics as carbides and nitrides of group IV transition
metals have an interesting mix of ionic, covalent, and metallic bonding. This arrange-
ment of bonding makes the materials having significant valuable properties such as
high hardness (about 25 GPa), very high melting points (>2750 °C), good thermal,
and electrical conductivity (=10 W m~! K~! and about 200 x 10* ohme™! m~!,
respectively). For example, TiN could be extensively applied for biomedical and
engineering applications since it has excellent hardness and high melting point, high
electrical conductivity, and low thermal conductivity. TiN and its composites (as nc-
TiN/a-BN/a-TiB,) have commonly been utilized as super hard coatings to enhance
the wear resistance, thermal stability, and oxidation resistance of mechanical devices
such as cutting tools and fuel claddings. Most of the TiN composites have an exciting
color range so they could be applied as super hard decorative coatings. TiB, is one
of the high-temperature ceramics which has astonishing characteristics similar to
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that of TiN; mostly with the same applications, but with some limitations owing to
the difficulties of getting full sintered bodies even after applying high pressure and
temperature. The high sintering temperature increases the grain growth, which leads
to decreasing the fracture toughness. Its high melting point, low self-diffusion coef-
ficient, strong covalent bonding, and presence of oxygen-rich layer on the surface
of the TiB, powder are the main causes of weak sinterability. One of the most inter-
esting high-temperature non-ceramic oxides for modern structural applications is
ZrB,. It crystalizes in a hexagonal-system with c/a crystal-parameter-ratio of 1.11,
this makes it having isotropic properties compared to other classes of high tempera-
ture ceramics. It has also high thermal stability (melting point >3240 °C), relatively
low density (6.1 g/cm?), and low coefficient of thermal expansion (6.7 x 107 K™h).
These properties make it suitable for an extensive range of applications as aerospace
and high-temperature industries. The main problem which faces ZrB, is the poor
sinterability; it comes from intrinsic strong covalent atomic bonds leading to very
low self-diffusion. Thus, diffusion-promoting parameters like time, temperature, and
pressure are usually required to increase its sintering, but they have some drawbacks
as grain coarsening. This grain growth is typically occurred when the grain-boundary
diffusion rate is considerably higher than the bulk diffusion rate. This means the
diffusing atoms incline to move at grain boundaries rather than in bulk of the crystals.
This performance might become leading in materials with stronger atomic bonds.
So, the addition of diffusion promoters may improve the overall diffusion through
the sintering process. On the other hand, ZrC and ZrN are high-temperature ceramics
having interesting applications in exciting high-temperature environments as nuclear
applications in generation IV reactors. These materials have required properties as
high thermal and electrical conductivities as well as high hardness and melting point.
Due to the high melting point and oxidation of these non-oxide ceramic materials,
their consolidation methods are a vast challenge. There are many sintering approaches
that have been utilized for the preparation of non-oxide bulk ceramics and coatings
such as pressureless sintering (PS), hot-pressing (HP), and spark plasma sintering
(SPS), chemical vapor deposition, physical vapor deposition, etc.

Bioceramics

A large number of scientists worldwide have exerted much effort on the opportu-
nity to repair and regenerate the diseased/damaged human tissues and organs. This
approach is the so-called “tissue engineering” which gained more developments
after discovering the biomaterials [62]. This approach depends on the utilization of
appropriate biomaterial for proliferation of cells and growth factors to regulate the
cellular functions [63, 64]. The selection of the proper biomaterial for accomplishing
this purpose is not easy since it should meet numerous requirements. Based on this
principle, the main requirements can be presented briefly in the following points:



Advanced Ceramics: Stages of Development 13

(i) Porosity

Owing to the porous structure of trabecular and cortical bone, which is essen-
tial for blood movement, perfect scaffold should have a relatively high porosity
with suitable inter-connectivity. The porosity permits the passage of substantial
nutrients, osteogenic cells, and molecules that are required for mineralization and
vascularization throughout the structure.

(b) Biocompatibility

In 2008, biocompatibility has been defined as the ability of the material to facilitate
natural cellular and molecular activity within a scaffold without inducing systemic
toxicity [65]. Meanwhile, it also involves the osteoconductivity, osteoinductivity,
and blood vessels formation around its implantation site.

(iii) Biodegradability

One of the most important requirements of optimum scaffold is that it should possess
controlled biodegradation rate over time when it is inserted into the human body,
taking in mind that the biodegradation rate should be comparable to that of tissue
regeneration. It should be noted that this rate is highly correlated to the kind of chosen
material and its properties for specific application.

(d) Mechanical properties

It is widely accepted that the clinical success of scaffold is based on the matching
of its mechanical properties with that of living bones. However, the stiffness of the
scaffold should not hinder in-vivo bone growth to help the structural integrity to
physically support itself [66].

Recently, tissue engineering approach has been effectively developed for treating
several organs like skin [67], bone [68], and cartilage [69]. This wide application
for such an approach is accomplished through the great development of biomaterials
which are substantial for tissue regeneration [70]. Therefore, it is very useful for the
readers of this chapter to get an overview of the biomaterials and their classification.

Generally, a material that is utilized for a medical application is called “bioma-
terial” [71]. Biomaterials are divided into polymers, composites, metals, and bioce-
ramics. Keeping in mind that they should have many desirable properties such as
biocompatibility, stability, and having mechanical properties comparable to human
bones [72]. Bioceramics are considered as a large subset of ceramics which are
specific for replacing damaged/diseased parts of the human body. They involve
crystalline, partially crystalline, or amorphous materials, and they can be divided,
according to their behavior when they implanted in the body into three categories as
follows [73].

a. Nearly bioinert ceramics: Materials that exhibit no reactions within the body,
but they are biocompatible and accordingly they are not suffering from body-
rejection problems. The most famous examples of such a category are Al,O3 and
ZrO; [49].
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b. Biodegradable materials: They are able to rapidly dissolve in the body under
physiological conditions. Tricalcium phosphate (TCP) and porous magnesium
alloys are the common examples of such a type of biomaterials [74, 75].

c. Bioactive materials: They show a favorable reaction when they are inserted
into the human body through the formation of hydroxyapatite (HA)-like layer
on their surfaces which is responsible for the formation of strong bond with the
surrounding bone tissues. This category includes bioactive glass [76-78], bioac-
tive glass-ceramic [79], hydroxyapatite [80-84], fluorapatite [85], and silicates
compounds [86].

It is substantial to stress that, beside the aforementioned desirable properties of
these specific ceramics, they also possess other excellent characteristics such as their
high corrosion and wear resistances, thermal stability, high strength, hydrophilicity,
and excellent chemical durability [6, 39, 87]. In this regard, in 1970, traditional
stainless steel head of hip has been replaced by the sintered Al,O3, where the latter
material possesses low density which is very beneficial for surgical operations. A
great evolution for using ceramics in orthopaedic and dental applications has been
approved after the approval of the US Food and Drug Administration in 2003 for
ceramic-on-ceramic hip joint replacements. In spite of these amazing properties for
such materials, they also have some drawbacks which need to be solved like their
low fracture toughness compared to natural bone [88].

Since the bioactive ceramics are the most interesting categories for dental and
orthopedic applications, we have to briefly discuss some important information about
these promising ceramics.

Bioactive glasses (BGs): Highly bioactive glass compositions form the desirable HA
or carbonated hydroxyapatite (CHA)-like layer on their surfaces when inserted in the
body within few days or even within few hours, and can also stimulate the prolifer-
ation and differentiation of osteoblasts through the release of the leached ions from
BGs. Therefore, the past four decades have already witnessed the development of
different systems of BGs including silicate, phosphate, borate borophosphate, etc. All
these types exhibit biocompatibility, bioactivity, and good bioresorbability. Addition-
ally, some metal oxides like silver oxide (Ag,0), gold oxide (Au,0O3), cupric oxide
(CuO), zinc oxide (ZnO), and titanium oxide (TiO;) can be added to glass compo-
sition to give the prepared glasses good and even excellent antibacterial behavior
against different species. In spite of the brilliant biological properties of BGs, their
clinical applications are restricted due to their inappropriate mechanical properties
compared to those of human bones. Accordingly, the crystallization of these glasses
into their corresponding glass-ceramics or incorporation of another phase, which
possesses suitable mechanical properties with the aim of producing biocomposites
having the desired mechanical and biological characteristics have been developed.
Based on these outstanding properties, this bioceramic type receives great attention
from researchers around the world [76, 77].

Bioactive Glass-Ceramics: They are characterized by the abovementioned amazing
biological properties for BGs along with better mechanical properties due to that
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crystallization process is responsible for significant shrinkage in their microstructure
giving good physical and mechanical properties [77]. Unfortunately, crystallization
process may lead to severe reduction in their bioactivity behavior depending on the
starting glass composition, the used sintering conditions, and the resulting phases
[79].

Hydroxyapatite (HA; Ca,;(PO,)s(OH),): It is a very promising alternative for
damaged/diseased bone where its structure and composition are very similar to those
of human hard tissues [89]. Moreover, when HA is in nanoscale range, it exhibits
better bioactivity, because of its high surface-to-volume ratio. As a rule, there are
two kinds of HA; namely biological and synthetic ones. The biological one is char-
acterized by the presence of many substitutions such as fluorine (F), sodium (Na),
zinc (Zn), magnesium (Mg), and carbonates (COs) into its crystal structure giving
it superior biological characteristics. Notably, synthetic HA can be fabricated by
several methods such as sol—gel, hydrothermal, solid-state reactions, mechanochem-
ical synthesis and wet precipitation methods. For a more comprehensive view, it
should be noticed that these methods require some cautions during preparation
because the characteristics of the final product are strongly correlated to the various
conditions. In spite of the aforementioned characteristics, its major limitation for
use in clinical applications is its poor mechanical properties and accordingly, its
applications are restricted in bone augmentation and middle-ear implants [82].

Fluorapatite (FA): It is commonly utilized as a biomaterial because of its superior
biological properties such as high durability, good hardness values, and reduced
solubility. It is possible to say that the latter property is very beneficial for biomed-
ical applications where high solubility rate can lead to considerable weakness in
the chemical bond between the biomaterial and fresh grown hard tissues. The major
reason behind these excellent characteristics is the existence of F~ ions in the center
of Ca®* triangle and its crystal structure. Additionally, the presence of F~ ions is
favorable for the prevention of tooth decay, and inhibiting bacterial activity. In addi-
tion, through bone formation, F~ ions work to promote the mineralization as well as
the crystallization of calcium phosphate. Another benefit of FA, compared to HA,
is that it shows better cell adhesion, good adsorption of the proteins, and improved
effectiveness for alkaline phosphatase [86].

Calcium silicates (CS): They are usually employed for bone regeneration purposes
and they include several promising types like wollastonite (3-CaSiO3), pseudo-
wollastonite (a-CaSiQ3), and dicalcium silicate (Ca,SiOy4). All these aforementioned
types show an excellent bioactivity behavior and positively affect the mineralization
process of hard tissues. On the opposite side, like the abovementioned biomaterials,
the major limitations of their broad uses in biomedical applications are their poor
mechanical properties and high biodegradation rate [90]. Based on this fact, some
other materials encompass Al,O3, graphene oxide, carbon nanotubes, and polymers
can be added to CS ceramic to give the desirable mechanical properties and control
their biodegradation rate.
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Amazingly, some bioactive ceramics like HA or FA can be also employed as
delivery systems for proteins, genes, vitamins, anticancer, and anti-inflammatory
drugs [91-95].

Tribological and Automotive Ceramics

Nowadays, ceramics having high thermal stability, and excellent wear resistance are
of great interest for tribological and automotive industry. Some ceramics such as
SiC, SizNy4, Al,03, AIN, TiN, MgO, and their composites with each other or with
metals can be also used for such applications. Generally, aluminum matrix compos-
ites (AMCs) have excellent properties as strength, stiffness, and wear resistance.
Accordingly, they can be broadly utilized in different applications when mixed with
the aforementioned ceramics with the aim of improving their physical, mechanical,
and tribological properties. The incorporation of ceramic particles in the alloys leads
to increasing the strength and decreasing the ductility of alloys [96].

Ceramic Armors

In the past years, numerous kinds of metals and alloys have been utilized in the
production of armors. Recently, ceramics and their composites have been developed
to be used as armors due to their excellent mechanical properties. Particularly, boron
carbide represents the strongest and lightest ceramic kind utilized in armors. The
ceramic plates are hard enough to scatter the bullets considering that the armor pushes
out on the bullet with the same force with which the bullet pushes in. Consequently,
the bullet is banned from penetrating the body. In spite of the effectiveness of ceramics
used for this purpose, the protective value is severely reduced owing to the successive
impacts; this still is a major drawback. Hence, one talented strategy to overcome this
disadvantage is to reduce the size of ceramic tiles to the smallest possible size, while
the matrix substances have a thickness of at least 25 mm [97].

3.3 Ceramic Composites for Different Applications

1. Aircraft industry

One of the most significant applications of ceramic composites is the aircraft industry.
The famous examples of such composites are fiberglass, carbon fiber, and fiber-
reinforced matrix systems [98].

2. Heat-shield systems

These systems are crucial for space vehicles since the ambient temperature is elevated
throughout the re-entry phase which subsequently, leads to the occurrence of thermal
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shock and heavy loads. Moreover, they can also be used in the fabrication of brake
system components due to their ability to be subjected to excessive thermal shock
with high mechanical resistance [99].

3. Biomedical applications

Despite the great advantages of ceramics, their biomedical applications are restricted
due to their brittleness. Therefore, one of the most promising solutions to counter
this problem is the preparation of ceramic-containing composites. Thanks to this
solution, the uses of these precious materials were widely expanded to [100]:

A. Dentistry

e Dental restorative materials.
e Fixed/removable dental prostheses.

B. Oral and macxillofacial surgery

e Dental implants.
e Temporomandibular joint prostheses.
e Cranial bone repair.

C. Tissue Engineering
D. Orthopedic

Bone graft.

Bone fracture internal fixation devices.
Joint prostheses.

Artificial tendons.

Artificial ligaments.

Artificial cartilage.

3.4 Electroceramics

Generally, ceramic materials are attractive materials for optical, electrical, and
magnetic applications. The electroceramics with low electric-resistivity are valuable
in making integrated circuits. On the contrary, those with high electric resistivity can
be employed in the manufacturing of capacitors. Some electroceramics display piezo-
electricity property and thus, can be needed in the manufacturing of transducers for
microphones. It is significant to note that these ceramics are usually based on (Pb, Ti,
and Zr)0O3, and accordingly, they are abbreviated as "PZT" compositions. Moreover,
other types of electro-ceramics have good magnetic properties and accordingly, are
favorable for transformer cores/permanent magnets. Other types of electroceramics
are attractive for optical properties, i.e., luminescence, and lasing. Bearing in mind
that the optical properties of these types are changed as a result of applying electric
fields and thus used as modulators, demodulators, and switches [101, 102].
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3.4.1 Conductive Ceramics

It is well established that the several types of ceramics display high electrical resis-
tivity where they resist the flow of electric current. Based on this fact, they are
usually used as electric insulators. Remarkably, some ceramics show excellent elec-
tric conductivity. As we know, electric conductivity can be divided into electronic
and ionic. The first kind takes place because of the passage of free electrons via
the substance. Since the atoms are well bonded with each other due to the ionic
bonds, free electrons are forbidden to pass. In some circumstances, the inclusion of
impurities can work as donors/acceptors of electrons. Conversely, the second type of
electric conductivity depends on the transport of ions, through vacancies in the crystal
structure of the material, from one site to another. It is important to underline that
ions hopping is very little at normal ambient temperatures, while, at higher tempera-
tures, vacancies become mobile and special ceramics show the so-called “fast ionic
conduction”. Noteworthy, these ceramics are very desirable in some applications
such as gas sensors and batteries [103, 104].

3.4.2 Thermoelectric Ceramics

These ceramics are continuously engaged as semiconductors. For such applications,
the ceramic should have a high Seebeck coefficient which is also well known as
thermoelectric power or thermoelectric sensitivity of the material. It is the magnitude
of produced thermoelectric-voltage due to the temperature difference across that
material. For metals, it should have high electrical conductivity with relatively poor
Seebeck coefficient. The thermoelectric ceramics can be widely applied in devices
that are working at high temperature as combustion engines, gas turbines, power
plants including nuclear power plants, furnaces, heaters, or associated with solar
cells/solar heaters. However, the energy source for such conversion devices depends
on the difference between the temperature inside the chamber and that of external
environment. The application of thermoelectric ceramics in these devices makes
them cost-effective devices along with their long lifetime, and the produced waste
heat can be easily turned into electricity. This means that these devices are deemed
as environmentally friendly and economical [105].

3.4.3 Ceramic Coatings

Recently, high-technology applications need the development of materials with
superior surface properties to be used in different industries like mining, forestry,
construction, cutting tools, electronics, and engineering ceramics for automotive and
aerospace industries. In spite of the importance of such industries for economy, they
are continuously threatened by many factors such as the price, the erosion, and corro-
sion of the used raw materials, etc. Thus, one of the best solutions to face the wear,
erosion, and corrosion problems is to coat the used materials with super hard ceramics
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[106, 107]. In this regard, advanced ceramics can be utilized as coatings for different
materials, especially metals and bulk ceramics to be suitable for different techno-
logical applications. For example, ceramics coatings on metallic materials received
noticeable development in the 1970s, and since then, this field gained more interest
for coating of many alloys which need excellent performance in different applications
like adiabatic engines [108], and cutting tools. It is important to stress that ceramics
coatings exhibit superior properties as they work to improve the thermomechanical
performance of metallic substrate [109, 110]. Meanwhile, these coatings are desir-
able for protecting metallic substrate against corrosion and oxidation. Additionally,
they act also to minimize wear damage and decrease the base metal temperature in
thermal barrier coatings [111]. There are several approaches for surface modifica-
tion of metals and ceramics. These include surface modification of ceramic by laser
technique [112], and surface coating of metals using different tools such as chemical
vapor deposition, physical vapor deposition, and so on [113, 114].

3.5 Environmental-Related Ceramics

After the oil crisis in the 1970s, there is a high demand for the development of
advanced energy-efficient engines. The traditional engines are different from the
advanced ones; they are working at high temperatures. This means that the ceramics
are the most suitable materials that can be applied at higher temperature while
keeping their characteristics without noted damage in their functionality. These
ceramics include silicon carbide (SiC), silicon nitride (Si3Ny), and partially stabilized
zirconia (PSZ). It is worth to mention that these kinds of engines are cost-effective
ones with excellent performance and consequently they are highly recommended for
power-generation purposes as stationary gas turbine parts [115]. Furthermore, these
ceramics are playing an effective role in preserving the environment from pollution,
since they are broadly used in manufacturing of hot gas filter elements that are able
to operate at elevated temperatures [38]. Due to their high surface area, outstanding
mechanical properties, and their resistances against thermal shock, these filters are
very talented for catalyst support.

It is well known that the heat exchanger produced from ceramic can be applied
at high temperature like 1500 °C for waste recovery purposes. Thus, it can save
50% of the fuel compared to the metallic one that can save only 20-30% [103]. SiC
is characterized by high thermal-conductivity, wear and corrosion resistances, and
thus, it is considered as the one of most promising ceramics for such application.
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4 Ceramics Processing

There are three essential stages for ceramic processing:

(a) Powder preparation;
(b) Shaping or forming of the needed bodies;
(c) Sintering of the shaped bodies at suitable temperature.

4.1 Powder Preparation Process

For conventional and advanced ceramics, the powder may be prepared by grinding
and calcination (solid state route) of natural or synthetic materials like oxides, hydrox-
ides, carbonates, or other salts [116]. Other approaches as chemical precipitation
(for single oxides) or co-precipitation (for complex oxides) [60, 117-121], sol-gel
[122], gel-combustion [123] and hydrothermal reactions [124] are also accessible for
accomplishing this purpose. However, in spite of these altered methods, solid-state
route is quite the most promising among the others due to its cost-effectiveness.
Unfortunately, this method may give inhomogeneous powder. On the other side,
the other wet-chemical methods offer an outstanding homogeneity, but they are
fitting only for laboratory studies since they are sophisticated, expensive and give
the resulting product in low quantities. Interestingly, wet chemical methods can be
combined with solid state where the main materials are solids, while the dopants or
additives are added via chemical processes [125].

4.2 Forming (Shaping) Processes

These processes are utilized to convert ceramic powders into the required shapes and
bodies. Briefly, powders are firstly well mixed and converted into wet powder by water
or suitable mixing agent as polyvinyl alcohol, starch, etc., or into slurry by suitable
slurry forming techniques as slip-casting or gel-casting, etc. The wetted powder is
compacted in the suitable dies by different techniques. It is worth mentioning that the
current forming processes are axial and isostatic dry pressing, hot pressing, porous
molding, tape molding, extrusion or injection molding. Of course, the obtained bodies
after forming have low mechanical properties, and high apparent porosity. However,
the main purposes of forming processes are to accomplish high packing of ceramic
particles and removing most of the pores to avoid the possible microstructure defects,
which affect the characteristics of the resulting product. This issue depends on several
parameters, and should be considered during preparation. These factors are particle-
size and particle-size distributions, homogeneity, agglomeration, and the flow of
powders during the shaping process. Furthermore, some other advanced routes are
available for getting green bodies by thermal treatment prior to sintering process such
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as hot pressing, deposition of molten particles, and deposition of vapor phase (CVD)
[126]. In these methods, obtaining green pieces with the preferable shapes is followed
by drying with the aim of removing the organic-parts. In all cases, the shaped products
should be dried to remove the solvents by evaporation. Unfortunately, this process
can generate defects inside the bodies, and consequently cracking the green sample
due to the fast formation of solvent-gases and contractions of the sample. So, the
drying process should be completed under a controlled atmosphere and temperature
conditions [127].

4.3 Sintering Process

It is well known that the key-parameter for production of final ceramic parts is the
sintering process, which is responsible for the solid-state reaction between the grains
and elimination of pores scattered in the sintered body. This stage involves applying
high temperature on the shaped ceramic bodies, keeping in mind that it should be
lower than its melting point. Several phenomena are occurring during this process,
which stimulates the consolidation and densification of the shaped part. Also, many
reactions can occur and lead to considerable changes in the chemical composition
and/or phase composition of the sintered product. Hence; the ultimate properties of
ceramics are mostly affected by this process [128]. It is important to highlight that
the exact adjustment of essential temperature and time is significantly associated
with the required connectivity, porosity, and densification. The main properties of
sintered ceramics depend mainly on temperature, time, initial density, particle size,
particle size distribution, and the whole process [129].

It is well confirmed that the properties of polycrystalline ceramics are strongly
affected by their microstructure. Consequently, in order to improve the properties
and the reliability of ceramics, the density, grain size, and microstructure homo-
geneity should be exactly controlled [130]. Unfortunately, the production of highly
dense ceramics having nanometric or submicrometric grain size is difficult through
conventional sintering. Instead, other manufacturing routes are available for the
preparation of these ceramics such as colloidal powder processing with controlled
distribution of particle sizes [131] with or without using sintering additives [132],
pressure-assisted sintering [133], spark plasma sintering (SPS) [134] and pulsed elec-
tric current sintering (PECS) [135]. However, these methods are not cost-effective
due to their expensiveness and complexity [136].

4.3.1 Mechanisms of Sintering

Solid State Sintering

In this type of sintering, a relatively high temperature is required to facilitate the
diffusion process. Since the diffusion is a matter of transportation mechanism, it
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induces both densification and grain growth. According to this aspect, the sintering
environments that permit the occurrence of densification without simultaneously
encouragement of grain growth are most suitable for microstructural refinement with
the production of highly dense ceramics and nanometric grains [137]. As reported
in Ref. [126], solid-state sintering can occur through three sequential stages:

a. The powder particles should be compacted to attain the proper connection with
each other.

b. The particles begin to form necks between each other when the sintering tempera-
ture reaches 2/3 of their melting point, and then they are intensely bonded together
after the formation of necks. Furthermore, increasing the contact areas between
the grains tends to the successive increase in the density of sintered bodies and
decrease in the total void volume (porosity). Remarkably, the particles having
small diameter possess high surface area and high surface free energy which are
considered as the driving force of sintering process. Accordingly, the surface
area is thermodynamically reduced by bonding the particles together, which is
responsible for considerable reduction in the energy.

c. The third stage is characterized by full bonding of grains with the completion
of solid state reaction. Moreover, the residual porosity becomes closed-off pores
which consequently leads to improving the microstructure and mechanical prop-
erties of sintered bodies. It should be noticed that the particle size of the original
powder greatly affects the pores sizes and their distribution. Examples of mate-
rials which have been sintered by this mechanism were published in our recent
works [45, 138, 139].

Liquid Phase Sintering

This kind of sintering is highly appropriate for numerous industrial fields like steels,
cemented carbides, heavy alloys, bronzes, and silicon nitride systems. This mecha-
nism is intensely dependent upon the presence of liquid phase during all or part of
the sintering process to improve the material’s densification. There are two different
processes:

a. Normal liquid phase sintering in which the original ceramic compressed in situ
forms liquid phase, and is accompanied by the formation of one or more
components (multi-phase formation) after heat treatment.

b. In this type of liquid phase sintering, infiltration of original ceramic bodies by
liquid formed outside the ceramic bodies occurred throughout the early sintering
period.

Liquid phase sintering proceeds via three steps as follows:

1. Liquid flow and pore/particle rearrangement.
2. Accommodation or dissolution and re-precipitation.
3. Coalescence and final densification.



Advanced Ceramics: Stages of Development 23

It is worth mentioning that these steps typically occur with their approximate
sequence and might be overlapped for some systems. The development in liquid
phase sintering is responsible for dropping the densification-kinetics. The early
densification is enhanced by raising the liquid amount up to closely 35 vol% [140].

Activated Sintering

This kind of sintering deals with the possibility of depressing the sintering tempera-
ture by adding various activating agents or sintering aids as certain transition metals
and oxides. For example, it is well known that SiC has exciting features owing to
strong and stiff Si-C bonds. This makes significant difficulties in its sintering due to
low self-diffusion coefficient [141]. Accordingly, the presence of some additives is
crucial for facilitating the sintering process. The most utilized aids for this purpose
are Al,O3 and ZrO, [142] which are responsible for reducing the needed tempera-
ture for the accomplishment of the sintering process. On the other side, hardness and
thermal stability may be negatively affected by these aids [143]. On the contrary,
the occurrence of boron and carbon may overwhelm this problem by taking into
consideration that sintering should be occurring at elevated temperatures to let the
sintered bodies have high hardness values and relative density similar to theoretical
one [144]. It is significant to emphasize that the existence of numerous polymorphic
structures in SiC, i.e., f and o is considered as another difficulty for obtaining dense
structure. Although, B is the major phase that exists during SiC synthesis, it can easily
convert to o one [145, 147].

Reaction Sintering

It is a modern sintering type, discovered with production of new materials. Reaction
(chemical) sintering is specific for the materials that cannot be compacted under
the traditional mechanisms as a result of physical processes, but it occurs due to
the chemical reactions. The existence of reagents in the starting materials or their
entrance from outside as a result of gaseous medium existence in furnace space
leads to the creation of gaseous, or liquid product throughout sintering process. In
this process two or more components react together with the possibility of dimen-
sion and density changes during densification [146]. In this regard, cold isotactic
pressing (CIP) is very useful for accomplishing high densification way during the
final sintering process, where it helps to promote the densities of green bodies by
5-10% [145]. On the opposite side, pressure-less sintering process such as vacuum
or microwave leads to the enlargement of grains sizes, while pressure sintering such
as hot-pressing (HP), hot isotactic pressing (HIP) and spark plasma sintering (SPS)
help in suppressing the grain growth [146] and promote the reaction sintering as well
as reducing the sintering time and temperature.
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4.3.2 Factors Affecting Sintering Process

There are many factors affecting sintering process. Some of these factors are specific
to the materials, while the others belong to the process itself. The followings are the
brief description of such factors.

Process Factors

A. Temperature: it is a very significant parameter for controlling both the rate and
magnitude of the sintering-associated changes.

b. Time: is another effective factor for improving the densification with less
effectiveness than temperature.

c. Atmosphere: is crucial for obtaining the desirable results.

Materials Factors

A. Particle size: It is well known that reducing particle size contributes to
considerable enhancement of sintering process.

b. Particle shape: Reduced sphericity and increasing macro or micro-surface rough-
ness are responsible for close contacts between particles, and considerable increase
in the internal surface area encourages the sintering process.

Particle structure: A fine grain structure within the original particles induces
sintering process because of its desirable effect on material transport mechanisms.

Particle composition: It is well known that the presence of additions or impurities
within the metals can positively or negatively affect the sintering kinetics. The distri-
bution and the reaction of impurities greatly identify whether this effect is harmful or
beneficial. For example, the oxidation is frequently harmful, while dispersed phases
within the matrix strongly encourage the sintering by prohibiting the motion of grain
boundaries. On the other hand, at high sintering temperatures, the expected reaction
between the impurities and either base metal or alloying elements can be highly
unfavorable.

Green density: High driving force for sintering can be easily achieved through
increasing the amount of internal surface area which arises from the decreased grain
density [147].
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4.4 Simulation of Sintering Process

It is well known that the sintering process is the key-parameter for ceramic fabri-
cation, and it significantly affects the value, yield, and price of ceramic products.
However, it is important to note that the quality of the sintering process depends on
the temperature distribution and the experience of researchers. Therefore, sintering
of large ceramic bodies leads to a huge economic loss due to the enormous waste
of resources. Moreover, from the environmental-protection point of view, and the
resources management, the traditional sintering is not suitable for industrial progress.
Based on these important facts, the use of computers is beneficial for improving this
important process. In this sense, computer-aided sintering (CAS) helps in smart
ceramics sintering. CAS technology is a breakthrough for good quality coupled with
lower energy consumption [148—151].

Recently, neural network has received a great interest after the revolution of inte-
grated circuits and computer technology. Nowadays, this network is applied in several
fields like intelligence control, knowledge processing, robot technology, computer
vision, sonar signal processing, etc. In this context, this network has been also applied
in the ceramic industries. Neural network is classified into two classes; namely feed
network and feedback network. However, Backpropagation (BP) neural network
algorithm is the most common algorithm of the first class. Using the neural network,
some researchers have successfully built a BP network model to determine some
factors such as thermal insulation time, heating rate for different stages, and average
of high temperature section. The use of this model was helpful in identifying 20
samples with an accuracy of 90%. It is important to say that the application of the
neural network in ceramic industries is very successful for identifying and predicting
the materials’ properties as well as their defects, etc. So, we hope that scientists will
expand their interest toward the application of the neural network for various ceramic
materials [148].

5 Novel Processing Ceramic Techniques

5.1 Magnetic Slip Casting

Generally, slip casting is a method used to cast a colloidal ceramic-suspension into
a porous mold, dried and consolidated by sintering. This method is very attractive
due to the fact that it is a water-based process, which provides a high flexibility
of slurry compositions. Therefore, it can be used in the case of slurries made of
ceramic powders, metal/ceramic mixtures, etc. Unfortunately, it is not desirable
for the industrial scale and therefore must be combined with other technologies.
For instance, during casting, pressing/centrifuging can be used. Also, the manufac-
turing processes can be coupled with magnetic fields to enhance properties of dense
bodies through texturing. It is well established that the attractive/repulsive forces
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of paramagnetic/diamagnetic materials are generated by magnetic fields. In liquid
suspensions, magnetic fields are able to manipulate the location and orientation of
the particles. By taking advantage of their remoteness as well as tenability, magnetic
fields are preferred over other processing techniques. Moreover, when it is generated
by passing an electric current through coil or electromagnet, it can be turned on and
off. In magnetic slip casting, a magnetic field is applied through the casting process
to orient the preferential crystalline axis of the ceramic grains taking into account
that most ceramic materials are diamagnetic. Therefore, one can expect that when
an external magnetic field is applied to them, an internal magnetic one is induced in
the other direction. Thus, a repulsive force is created. It is worth to mention that the
strength of the applied external magnetic field must be extremely high to generate
such an induced internal magnetic field as the diamagnetic materials are charac-
terized by their low magnetic susceptibility. In order to reduce the strength of the
external magnetic field, the magnetic sensitivity of the diamagnetic materials can be
increased via transforming the diamagnetic ceramic powder by magnetic elements.
Particularly, the crystalline/shape anisotropy of the starting ceramic powder controls
the orientation of the ceramic powders [152].

5.2 Laser Surface Texturing

In 1969, LASER (Light Amplification by Stimulated Emission of Radiation) has
been discovered by Maiman and since then, this technology is applied in various
important industrial and medical fields. In short, if the laser beam hits a material, it is
partially reflected, partially transmitted, and partially absorbed. Hence, the electrons
in this material are excited, which leads to an increase in thermal energy. The laser
beam can be a continuous wave or a pulsed wave. The first type acts to transform
uniform energy to the material’s surface. On the contrary, the second one allows
achieving a higher peak power. Indeed, the pulse duration is short to convey the
energy to the desired area before that conveyed by the previous pulse has dissipated.

Laser surface texturing relies on utilizing the laser beam to produce ablation
in which the material is selectively removed from the surface. In this respect, a
pulsed or high-intensity continuous wave laser is suitable for this purpose. The abla-
tion process can be performed through three mechanisms. They are photochemical
(bond-breaking), photothermal (temperature increase), and photophysical (ejection
of material from the surface due to a laser-induced shockwave [153, 154].

Laser surface treatment of ceramic materials has also been paid great attention
since it is an effective and economical process for improving the surface proper-
ties. Re-melting, sealing, or alloying by laser can change the ceramic material into
functional materials. It has been reported that tribological properties such as wear
resistance, and friction can be significantly improved by laser treatment. Zawrah
et al. reported on surface alloying of alumina ceramics using IR-CO; laser by adding
HfO, or HfO, with 5 or 10 mol.% Si0O,, CeO, and cordierite. They found that the
tendency of crack formation and grain growth was significantly decreased after laser
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treatment. The treated layers exhibited no open porosity, and contained 20-40 vol%
second phases homogeneously distributed around the grain boundaries of the alumina
matrix. Due to alloying, average grain size, hardness, and elastic modulus of the
composite layers have been reduced, but resistance to cracking under the mechanical
action of sliding diamond (scratch test) and abrasive wear was significantly enhanced
compared with the unmodified dense alumina ceramic [155].

5.3 Cold Sintering

Generally, all bulk ceramic materials are fabricated using green shaping followed by
sintering at temperatures usually higher than 1000 °C, so this process is considered
as a highly energy-intensive process and high-energy dissipation approach. Most
of the energy used for firing dissipates irreversibly through the furnace insulation
and lost during cooling. The demand to decrease the consumption of energy and
CO, produced during firing of ceramics urged the scientists to develop consolidation
techniques operating at lower temperatures, ideally not more than 300 °C. Cold
sintering is a remarkably low-temperature process that uses a transient transport water
phase and an applied uniaxial force to support the densification of powder compacts.
The liquid phase can accelerate plasticity, grain boundary/surface diffusion, and
mass transport. By utilizing this method, many ceramic powders can be transformed
into highly dense monoliths at temperature far lower than the melting point. The
existence of water can promote the atomic diffusion at the particle surface without
raising the temperature. Using cold sintering process, the researchers succeeded to
reduce the consumed energy for consolidation of BaTiO3 powders from 2800 to 30
M kg™'. Other researchers conducted an interesting experiment to compare between
hot and cold sintering of 1 Kg of ZnO. In the case of hot sintering, the consolidation
required 291 MJ kg~!, while cold sintering required 162 MJ kg~' [156].

5.4 Flash Sintering

As previously discussed, the main disadvantage of conventional sintering process is
the high energy consumption along with the release of carbon dioxide. In response
to this drawback, the European Commission approved in 2007 the heat consumption
required for production of different types of ceramics [157]. The greatest energy
needed for sintering process is estimated by some mega-joules per kilogram of
resulting ceramic product. Flash sintering (FS) has been discovered in 2010 by
Cologna et al. [158]. This technique is based on applying an electric field to the
sample powders. Under coupling the electric field and furnace temperature, the densi-
fication of ceramic material occurred in a very short time. This time ranges between
a few seconds to a few minutes. Actually, the success of Cologna’s experiment was
based on the previous study by Gosh et al. [159] in 2009. In that work, the effect of
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applying a weak DC-electric field for 3 mol.% yttria stabilized zirconia (3YSZ) was
described. The application of a weak electric current evidently reduced the rate of
grain growth.

5.5 3D Printed Ceramics

Three-dimensional (3D) printing is a modern manufacturing and an additive tech-
nology. In this technique, the physical parts are fabricated in an additive manner,
separated point by point, line by line, or layer by layer are digitally sliced into 2D
cross sections using 3D machine. In this context, this technique is a promising one for
the flexible preparation of highly fine and sophisticated structures that are extremely
difficult to obtain through conventional preparation methods such as casting and
machining. Besides this feature, 3D printing technology provides high throughput
since many materials can be constructed in one process. Due to these important
benefits, 3D technology has attracted the attention of researchers in science and
engineering [158, 160]. This technique was first produced by Marcus et al. [161] and
Sachs etal. [162] in the 1990s. Depending on the shape of the raw materials pretreated
before printing, this technology can be divided into: slurry-based, powder-based, and
bulk solid-based methods. In slurry-based technologies utilized for ceramic/polymer
mixtures, the viscosities are ranging from low-viscosity (~mPa-s) with a low ceramic
loading (up to 30 vol.%) as inks to high-viscosity(~Pa s) with a much greater ceramic
loading (up to 60 vol.%) as pastes.

5.6 Porous Ceramics

Advanced porous ceramics “ceramic foams or ceramic filters or ceramic membranes”
are used for many applications such as structural, environmental, biological and
biomedical ones. Since these types of ceramics possess various advantages over
metals and polymers, they gained huge interests from scientists to use them in the
above-mentioned applications. Notably, the functionality of these types of ceramics
closely depends on the factors related to pore structure such as pore size, shape, distri-
bution, and connectivity. For example, the pores can behave as insulators at elevated
temperatures, capture impurities in a filter, expedite tissue ingrowth in a bio-scaffold,
or provide the architecture for reinforcement in a ceramic—metal composite. Mean-
while, their properties can be manipulated to suit a specific application through the
modification and refinement of processing techniques to control their microstruc-
ture. Figure 2 shows the applications of porous ceramics according to their pore
sizes [163]. Several processing techniques are responsible for integrating pores into
the structure like sintering of coarse powders, and partial sintering of green powders.
Other processing techniques are well known for the production of porous ceramics
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as replica method, the sacrificial phase technique, direct foaming method, paste
extrusion, and most recently developed rapid prototyping technique [163].
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5.7 Functional Ceramics for Catalytic Applications

The ceramics and bioceramics can also play an important role as catalysts of some
chemical reactions. About 90% of the new processes undertaken in chemical industry
are catalysis-dependent. The catalysts are divided into two categories, heterogeneous
and homogeneous. Homogenous catalysis takes place if the catalyst is statically
dispersed in the mixture of reactants, whether it is a gaseous or liquid solution.
This category includes transition metals, enzymes, and inorganic acids/bases. On the
other hand, the second class, i.e., heterogeneous, is characterized by the presence of
catalyst in a different phase from the reactants. Therefore, the reaction happens at
the surface of solid (catalyst) particle in contact with the gaseous or liquid solution.

Since the ceramic materials resist high temperatures, display chemical-durability
and wear resistance, they have unlimited potential as catalytic materials for usage in
a variety of reactor structures, and can operate at different conditions. The ceramics
catalysts are applied as (i) direct use as catalysts and (ii) use as support materials
(substrates) to anchor and disperse a variety of active metals. Ceramic catalysts and
catalyst supports are the biggest market sector outside the electronic ceramics. The
ceramic catalysts are typically composed of metal oxides that contain at least two
different cations. For examples; V,05/Si0,, CeO,/MgAl,04, Ce0,/Z1O,, V,0s/
TiOg, CCOz/A1203, BaO/SrTiO3, Sr/La203, SrO/Nd203, Sm205/MgO, NQO/MgO,
La;03/Ca0O. When these materials are prepared in nanoscale, they exhibit improved
properties. Zeolites are also ceramic catalytic materials composed of aluminum sili-
cates that have cavities or pores with molecular dimensions as part of their crystalline
structure. Zeolites are unique among inorganic oxides because of their uniform micro-
porous character, high internal surface area, high thermal stability, and their ability
to develop internal acidity [165-171].

Ceramic catalytic converters: Ceramics are applied also in construction of many
parts of modern car industry as windows, mirrors, spark plugs, lights and electronics,
catalytic converters, etc. With increasing worldwide vehicle usage, the air pollution
is increased due to the increasing of exhausts produced by the cars. This has urged
the automakers to redesign the car engines and fuel systems using the incorpora-
tion of ceramic catalytic converter. Engine exhaust gases consist of a complicated
mixture, its composition depends on the type of engine (two- or four-stroke, spark- or
compression (diesel)-ignited), driving conditions (urban vs. highway), vehicle speed,
acceleration/deceleration, etc. The catalytic converter is located in the downstream of
the engine’s exhaust manifold and can deal with the exhaust gases by chemical reac-
tion to treat the pollutants as CO, NOx, and hydrocarbons into CO,, nitrogen, water
vapor through the reduction and oxidation actions. A typical catalytic converter unit
consists of either a ceramic honeycomb monolithic structure (cordierite) or ceramic
beads coated with precious metals (Pt, Pd, and Rh) [165].

Solid oxide fuel cells: In the near future the fuel cell devices will efficiently
contribute to power generation. They are classified according to the electrolyte and
the fuel used to generate electricity. They include a barrier to select and allow ions to
pass as well as pushing the electrons to flow through an exterior circuit to generate
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electricity. The most important fuel cell that was fabricated from ceramic material as
ZrQ; is the solid oxide fuel cell (SOFC). The basic SOFC unit contains three oxide
ceramic units: a fuel electrode; an air electrode; and a solid electrolyte. It operates as
follows: the oxygen in supplied air can accept electrons from the external circuit to
form O ions at the cathode then move via electrolyte to the fuel electrode (anode)
and create H,O and/or CO; (depending on the fuel used), liberating electrons to the
external circuit. There are several advanced ceramic materials which show greater
electrical properties. These materials are known as electroceramics which act as
fast ion conductors and are capable to improve a high flux of ions in the solid state.
Ceramics which can quickly generate oxygen ions (O%) are interesting candidates for
SOFC developments. Recently, many ceramic materials have been utilized as poten-
tial SOFC constituents. The anode can consist of nickel/yttria-stabilized zirconia
(Ni/YSZ) cermet (i.e., ceramic/metal composite). The cathode can be formed from
a mixed conducting perovskite, lanthanum manganite (LaMnO3). Yttria-stabilized
zirconia (YSZ) is used for the oxygen ion conducting electrolyte. To improve the
performance of SOFC, it is important to develop materials with elevated electrical
conductivity and catalytic performance of the anode. Improved SOFC performance
must contain greater energy-conversion productivity, lesser chemical and acous-
tical pollution, fuel flexibility, cogeneration capability, and a rapid load response
[163-171].

6 Properties of Ceramics

It is well established that ceramics possess promising physical, chemical, and
mechanical characteristics which enable them to be valid for different industrial
purposes. Therefore, we briefly mention these characteristics as follows [147]:

e [ow density.

Low thermal expansion coefficient.

High hardness value.

High temperature as well as corrosion resistance.

High wear resistance.

High melting temperature.

Stability of mechanical properties at elevated temperatures.

In spite of these interesting properties, their major drawbacks can be summarized
as follows:

e Brittleness.

e Highly demanding processing.

e Joining different ceramic components with each other or with other materials is
so difficult.

Tables 1, 2, and 3 illustrate the properties of some advanced oxide and none oxide
ceramics [172].
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7 Conclusion

Nowadays, advanced ceramics are considered as promising materials for different
applications such as engineering, biomedical, electronics, energy, and environ-
mental issues. Most of the advanced ceramics depend on pure oxides or non-oxides
prepared by new chemical, physical, and mechanical routes. Through their prepa-
ration, different parameters such as temperature, concentration of reactants, time
of reaction, and atmosphere should be controlled. To convert the prepared ceramic
powders into consolidated bodies, sintering processes should be conducted under
suitable conditions such as temperature, time, and atmosphere. The sintering process
includes solid-state sintering, liquid phase sintering, activated sintering, and reaction
sintering. The prepared ceramic powder and sintered ceramic bodies can be inves-
tigated by different tools for their physical, chemical, mechanical, morphological,
magnetic, electrical, optical, and biological properties according to the needed appli-
cations. This chapter dealt only with the most common types of advanced ceramics
and their sintering without details on the aforementioned properties.
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