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12.1 INTRODUCTION

This is the first unit of the block. One of the earliest synthetic materials that
humans have utilised is glass, and throughout many years, information about
glass has been progressively gained. The field is still advancing quickly today,
both in the creation of glassy materials with unique qualities and in the use of
fresh scientific methods to deepen our comprehension of the composition and
behaviour of glass. Light and glass are inextricably linked. Since the
beginning of time, light has been protected, intensified, and diffused using
glass's refractory qualities and transparency. In this unit you will first study
about glasses. In which you will learn the details of glassy state, glass formers,
glass modifiers and their applications. Then you will understand about
ceramics, their structure and properties. Thereafter classification of ceramics
will be taken up. At the end applications of glass and ceramics will be dealt
with. In this way you will be studying about glass, ceramics and their
applications in this unit.

Expected Learning Outcomes

After studying this unit, you should be able to:

% discuss glasses along with the details of glassy state, glass formers,
glass modifiers and their applications;

« define ceramics, their structure and properties;
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% classify ceramics; and

« discuss applications of glass and ceramics.

12.2 GLASSES

In this section we are going to study about glasses in detail. Glass is an
amorphous (non-crystalline) solid material and it is transparent. It is widely
used in windowpanes, tableware and optoelectronics etc. The chemical
substance silica (silicon dioxide), is the main component of sand, provides the
basis for the most well-known and historically older varieties of glass.

A glass can be defined in two ways. One focusses on the traditional
preparation process. This entails chilling the substance from a liquid state
without crystallisation until its viscosity increases and it solidifies into a rigid
form. According to the other definition, a glass is an amorphous solid because
of its structure. Neither definition seems perfect. As a result, glasses can now
be made using techniques other than cooling from a liquid state, such as
vapour deposition or drying aqueous gels. For example, an amorphous solid
material similar to silica glass may be prepared by hydrolysis of
tetramethylorthosilicate, Si(OCHs)4, and subsequent heating of the gelatinous
product to ~ 550°C. We can define glass as an amorphous solid completely
lacking in long range, periodic atomic structure, and exhibiting a region of
glass transformation (transition) behaviour. Any material, inorganic, organic,
or metallic, formed by any technique, which exhibits glass transformation
(transition) behaviour, is a glass.The glass-liquid transition (glass transition) is
the reversible transition in amorphous materials form a hard relatively brittle
state into a molten or rubber-like state. An amorphous solid that exhibits a
glass transition is called a glass. Super-cooling a viscous liquid into the glass
state is called vitrification.

Glasses are made of several different materials. Although other aqueous
solutions, molten salt combinations, liquid metals, chalcogenides, and organic
macromolecules can also be used to make glasses, the most used
commercially are inorganic silicates and borates. Below in Fig. 12.1 is shown
the powder X-ray diffraction pattern of SiO,.
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Fig. 12.1: The powder X-ray diffraction pattern of a (SiO,,) Inset: zoom of the
peak corresponding to the plane (102) and (111).
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Now, let us discuss the various types of glasses. Fused quartz, also known
as vitreous silica glass or fused silica glass, is silica (SiO,) in vitreous or glass
form, meaning that its molecules are random and disordered rather than
crystalline. It is extremely hard, resists high temperatures (1000-1500°C), and
has very little thermal expansion. Applications requiring high temperatures, like
melting crucibles, furnace tubes, and lighting tubes, require fused quartz.

The first type that we will discuss is silicate glass. It is widely used even
today even though it was discovered rather early. Si* ions covalently bonded
to four oxygen atoms, form SiO, in tetrahedral shapes. Bridging oxygen ions
connect to other tetrahedra SiO, polymorph cristobalite with much long-range
order is formed when the corners of each of the tetrahedra are joined. This
long-range order produces a highly connected network which leads to a high
softening point, a low diffusion coefficient, and a small coefficient of thermal
expansion (CTE). At lower temperatures, silica has only short-range order.
Alkali silicate glass can then be created by adding intermediates, like sodium
ions, to the silica glass. Na* ions are added to do this, and each one produces
one non-bridging oxygen. Thereafter viscosity as well as chemical resistance
decreases and ionic conductivity increases.

Next we will take up soda-lime-silica glass, window glass. It consists of
silica (SiO,) 72% + sodium oxide (Na,0) 14.2% + line (CaO) 10.0% +
magnesia (MgO) 2.5% + alumina (Al,O3) 0.6%. It is transparent, easily formed,
and very much apt for window glass (flat glass).

Container glass, Pyrex consists of silica (SiO,) 81% + boric oxide (B,O3)
12% + soda (Na,0) 4.5% + alumina (Al,O3) 2.0%. Its capacity to withstand
heat expansion is much better than window glass. Used for chemical
glassware, cooking glass, car head lamps etc.

Boron oxide glasses are formed when boron oxide is utilized as the former.
Here, the structure is made up of BO; triangles that share corners and are
joined by bridged oxygen. By adding Na™ ions, borate glass can also be
transformed into an alkali form. However, the initial addition of these alkali ions
has the opposite impact on borate glasses compared to silicate alkali glasses.
It improves chemical and heat resistance by increasing network connectivity.
Alkali borosilicate glass, sometimes referred to as Pyrex glass, has better
physical qualities that make it ideal for space shuttle tile coating, lab
equipment, and pipes.

Borosilicate glasses (e.g. Pyrex) have as main constituents silica and boron
oxide. They are less vulnerable to cracking from thermal shock. They are
commonly used for reagent bottles, optical components, and household
cookware.

Lead-oxide glass, crystal glass contains silica 59% + lead oxide (PbO)
25%+ potassium oxide (K;0) 12% + soda (Na,O) 2.0% + zinc oxide (ZnO)
1.5% + alumina 0.4%. Because of its high density (resulting in a high electron
density) it has a high refractive index, so they give a better look of glassware
(called “crystal”, but actually glass).
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Phosphate glass has P,Os as the basis with CaO and Na,O as modifiers.
They are utilized for industrial applications such as clay processing and
pigment manufacture, etc. These glasses are being developed for biomedical
usage because of their chemical affinity for bone, which makes them perfect
for deployment within the body due to their inert nature.

Glass-Ceramics are an important class of materials that have been
commercially quite successful. They are polycrystalline materials produced by
the controlled crystallization of glass. They are composed of randomly oriented
crystals with some residual glass (typically between 2 and 5%) with no voids
or porosity. Glass ceramics found wide applications in dielectric materials,
machinable materials, biomaterials, etc. In the medical industry, these
materials have been essential for eyeglasses, diagnostic instruments,
chemical ware, thermometers, tissue culture flask, etc. Insoluble porous
glasses have been used as carriers for enzymes, antibodies, and antigens,
offering the packing under high pressure required for rapid flow. Ceramics are
also widely used in dentistry as restorative materials such as in gold-porcelain
crowns and dentures.

12.2.1 Glassy State

The glassy state represents a unique phase of matter that exhibits
characteristics inherent to both crystalline solids and liquids. Materials in the
glassy state are noted for their fragility, uniformity, and a distinct disordered
molecular structure. The properties of the glassy state are that they have:

(i) Rigidity: Glassy materials maintain rigidity similar to that observed in
crystalline structures.

(i)  Random Structure: The molecular arrangement in glassy materials is
irregular, similar to the configuration found in liquids.

(iii)  Fragility: The inherent fragility of glassy materials leads to a distinctive
wrinkled fracture when broken.

(iv) Disordered Structure: The disordered arrangement within glassy
materials contributes to their unique physical attributes.

(v)  Solubility: When compared to crystalline solids, glassy materials typically
demonstrate enhanced solubility and dissolution rates.

(vi) Transient Nature: It is important to note that glassy materials are not
permanent and will ultimately undergo crystallization over time.

Examples of Glassy Materials:

° Glass: This inorganic solid can endure high temperatures, is equipped
with excellent optical properties, and is recyclable.

° Glassy Carbon: Characterized by its hard, glossy black appearance,
glassy carbon shows strong resistance to chemical processes and
exhibits low gas permeability.

° Glassy Polymers: These polymers are recognized for their high
selectivity and low permeability, making them valuable in various
applications.
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12.2.2 Glass Formers and Glass Modifiers

Glass represents a unique state of matter, distinct from traditional forms such
as metals, polymers, and ceramics. Its diverse applications depend on a wide
variety of specific properties, which are influenced by its chemical composition.
A crucial aspect of this composition is the network former, which serves as the
fundamental backbone of the glass structure. Altering the type of former used
significantly impacts the characteristics of the final product. In the production
of glass, network formers are integrated into the base material to promote the
establishment of a glassy structure, thereby creating the interconnected
backbone of the glass network. In 1932 Zachariasen published a
groundbreaking paper on glass theory. This seminal work classified the three
categories of cations within glass networks: network formers, network
modifiers, and intermediates.

Now let us delve into the factors that influence glass formation. For that let us
first study the electronegativity and bond type of oxide glasses.

Here you should note that the main glass-forming oxides are SiO,, B,0O;, GeO,
and P,0s5 and they come from a particular part of the Periodic Table (see

Fig. 12. 2). These oxides are made up of elements with intermediate
electronegativity. Here the bonding maybe intermediate of ionic and covalent
and the structures may be three-dimensional polymeric structure. Some
nearby metals of these particular part of the elements such as As,0O; and
Sh,0;, form glasses cooled very rapidly. Others, such as Al,O3;, Ga,03, Bi,O,,
Se0, and TeO, do not form glasses alone. When certain non-glass-forming
oxides are present they may form glasses. For example,

C N O
Al G) P s
ZnGaAsSe

Cd In Sn Te
Tl Pb Bi

Fig. 12.2: Elements whose oxides form glasses readily.

a range of liquid compositions in the CaO-Al,O; system forms glasses
although CaO and Al,O; do not, themselves, form glasses. The glass-forming
oxides, SiO,, B,03, etc., can form glasses either alone or when mixed with
considerable quantities of non-glass-forming oxides. There may be cases
when glasses may be readily formed from SiO, or B,O; to which up to 20 to 40
per cent of an alkali oxide has been added.

The viscosity of liquids beyond their melting temperatures is unquestionably a

significant element in the production of glass. All of the glass-forming oxides in

Fig. 12.2 create extremely viscous liquids; for example, silica has a viscosity of

10 poise just before its melting temperature, which is 1715 °C. The majority of

inorganic substances, on the other hand, are fluid in the liquid state and do not

easily form glasses. The structure and bonds that are present have an impact

on viscosity. Because of its strong Si-O linkages, molten silica may be thought

of as an amorphous polymeric structure, which accounts for its high viscosity. 249
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Such a liquid requires significant atomic reorganisation and the breaking and
reforming of several strong bonds in order to crystallise. It is evident that these
processes are more challenging to carry out in viscous, polymeric liquids than
in fluid, ionic, or molecular liquids. This overall relationship between melt
viscosity and glass-forming ability does not always hold true, though. Aqueous
solutions of ZnCl, and molten combinations of LiNO3; and Ca(NO3;), are two
examples of fluids that easily form glasses upon cooling.

Next let us study in details the structural effects involving the Zachariasen's
rules (1932). Zachariasen examined the relative glass-forming capabilities of
simple oxides and came to the conclusion that the absence of long-range
order and the capacity to build an extensive three-dimensional network
structure are the optimal conditions for glass formation. He created a set of
guidelines to satisfy this need, and they have greatly influenced later research
on glass. The principles are applied to the crystal structures of the relevant
oxides from which glasses may or may not form since glass structures are
often unknown. Given that both crystalline and liquid (glassy) states are
expected to have comparable bonding, coordination polyhedra, etc., this is a
reasonable assumption. While studying these rules, let us distinguish
between the oxygen atoms and the 'other' atoms the binary oxide.
Zachariasen's rules are as follows:

1. An oxygen atom is linked to, at most, two other atoms.
2. The coordination number of the other atoms is small.

3. The coordination polyhedra, formed by oxygen atoms around the other
atoms, share corners and not edges or faces.

4. The polyhedra link up to form a three-dimensional network.

As was previously said, Rule 4 favours glass formation when a network
structure is present, particularly when combined with a high liquid viscosity.

A glass or liquid can have a three-dimensional network structure without long-
range order according to Rules 1 and 3. As a result, vitreous silica is
composed of corner-sharing SiO, tetrahedra, where only two silicons are
bound to each oxygen. This results in a relatively open structure where the Si-
O-Si angle can change without causing the SiO, tetrahedra to deform; as a
result, a three-dimensional network structure without long-range order or
periodicity may be achievable. Each polymorph of crystalline silica (quartz,
cristobalite, etc.) has a consistent Si-O-Si angle, which results in a regular
arrangement of SiO, tetrahedra.

As a result, both vitreous and crystalline silica have network structures;
nevertheless, the network architectures of the two are different; the former is
irregular and disordered, while the latter is regular and organised. It is
challenging to create a random network structure without significantly
distorting the polyhedra in configurations where the oxygen has a large
coordination number (rule 1), particularly if the polyhedra share faces or edges
(rule 3). Rule 1 and Rule 2 are very much connected; for a particular formula,
the coordination numbers of the various atoms rely on one another. The
oxygen coordination number in SiO, must thus be two since the silicon
coordination number is four.
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Now let us examine how these rules may be used for oxides belonging to
various Groups of the Periodic Table. Zachariasen's rules are obviously not
obeyed by the oxides of alkali and alkaline earth elements. They do not form
glasses. For example, according to rule 1, oxygen has a coordination number
of eight in Na,O and six in MgO. As a result, the ensuing polyhedra, (NaO,)
and (MgOg), share edges rather than corners (rule 3).

Only when the other element is three-coordinate to oxygen do oxides of Group
3 meet the rules: for a general formula M,O3, the other element must be three-
coordinate for the oxygen to be two-coordinate (rule 1). Because boron and
oxygen are in triangular coordination, B,O; complies with the requirements,
whereas Al,O3;, which contains octahedrally coordinated aluminium, does not.
This is in good agreement with the fact that B,O3; can produce glass but not
AlLOs.

Only when the other element is tetrahedrally coupled to oxygen do the oxides
of Groups 4 and 5 follow the criteria. Consequently, Group 4's oxygen
coordination number (CN) is two, which is somewhat smaller than two on
average for group. Naturally, partial coordination numbers are impossible; for
example, in P,Os, some oxygens have CN = 2, while others have CN = 1.
Zachariasen used these guidelines to anticipate that some oxides would be
able to form glasses; his predictions were later verified experimentally, albeit
with small amounts of material. V,05, Nb,Os, Ta,Os, Sb,0s5, P,O3; and Sb,04
were among the examples.

It has been acknowledged in recent years that Zachariasen's rules do have
certain drawbacks. For example, oxide glasses that do not meet the
regulations have been made, such as glasses without a three-dimensional
network structure. These examples highlight the challenge of developing a
thorough structural theory of glass production without diminishing the value of
Zachariasen's guidelines.

Glass Former and Types

Covalent, ionic, molecular, metallic as well as hydrogen bonded materials form
glass. Also chemical compounds, complex organic molecules, salt mixtures
and alloys all form glasses have been made from simple elements. There is no
particular advantageous way of grouping glass forming materials. Examples of
variety glass forming materials are listed in Table 12.1. Main oxide elements
are classified depending on their role to modify / change their glass structure,
colour and their properties:

Network Forming Oxides: SiO,, B,0Os3, P,Os5, GeO,

Network Modifying Oxides: Na,O, KO, Li,O, Ca0, BaO, MgO, SrO

Intermediate Oxides: Al,O3;, PbO, ZnO, ZrO,

Redox Active Oxides: Sulphates: Na,SO,4, CaSO,

Oxides: As,03, Sb,03, CeO,

Chlorides: NaCl

Nitrates: KNO3;, NaNO, 251
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Colouring Agents: Fe,03, Cr,03, CoO, Mn,0;, Se, Rare-Earth oxides,
Sulphides, Selenides,

Cr* blue, Cr** green, Co*" pink, Mn?* orange, Fe?* blue-green, Au (4-10 nm)
pink,

Au (10-75 nm) ruby, Au (75-110 nm) green, Au (110-170 nm) brown.
Melt Quenching Technique

The raw materials, specifically the oxides mentioned earlier, are utilized as the
initial batch components for glass preparation. Each chemical is accurately
weighed according to stoichiometric ratios and thoroughly mixed into a fine
powder using a pestle and mortar. The resulting mixture is then transferred to
a crucible and heated until it reaches its melting point. If necessary, the molten
glass is stirred to ensure uniformity, employing a platinum stirrer.
Subsequently, the molten material is swiftly poured onto a brass or stainless
steel block maintained at 300°C and then pressed with brass or stainless steel
discs to form the glass. Once the glass has cooled and solidified, it is cut to
the specified shape and size using a cutting machine and is subsequently
polished to a mirror finish with a polishing machine.

Various glass formers are used in varying ratios with modifiers and
intermediates to produce a glass that can withstand the rigors of a specific
application. For example, a glass suitable for handling high-temperature
liquids will be made of a different composition than one that is being used for
decorative purposes.

Thermodynamics of glass formation-behaviour of liquids on cooling

When a liquid cools, it may follow one of two primary pathways. It could either
undercool enough to form a glass without crystallising, or it could crystallise at
or below the melting temperature, T,,. Fig. 12.3 displays the volume-
temperature properties of a liquid that travels one of these two routes. The
majority of liquids that do not form glass behave similarly to the changes
shown by curves abcd. At temperature T,,, crystallisation bc takes place,
however the liquid may undercool somewhat before freezing for kinetic
reasons. The slope difference between regions ab and cd shows that liquids
typically have a higher coefficient of thermal expansion than solids.

The changes shown by curves abef (or abgh) are comparable to the behaviour
of glass-forming liquids upon cooling. The liquid is undercooled yet does not
freeze in the area. Despite being thermodynamically metastable in relation to
the crystalline state, the liquid in this area quickly finds a state of internal
equilibrium after a temperature shift. However, when the temperature drops,
the viscosity of the liquid progressively rises until it reaches a point where it is
unable to sustain internal equilibrium.

This undercooled liquid's atomic arrangement is essentially "frozen in," and
when the material cools more, it takes on the stiff, elastic characteristics of a
crystalline solid but lacks the regular three-dimensional periodicity of a crystal
structure. The glass transition temperature, or Tg, is the temperature or range
of temperatures at which this change in characteristics or behaviour occurs,
from an undercooled liquid to a glass. In general, glasses with varying degrees
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of stabilization—that is, somewhat varied Tg values—can be made for any
given composition.

The undercooled liquid could be able to hold itself in internal equilibrium till it
cools down a little bit lower than it would have if it cooled down quickly, as long
as crystallisation does not happen. As a result, Tg is somewhat decreased.
The glass transition is essentially the crossing of two timescales: the timescale
for measuring a property like viscosity and the timescale for the liquid's
internal reorganisation upon temperature change. At Tg, the latter timescale is
around a few minutes.
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Fig. 12.3: Volume-temperature characteristic (schematic) for crystals, liquid and glass.

Table 12.1: Glass Transition Temperatures Tg (measured) and T,
(calculated)

Glass Tg (°C) T, (°C)
B.O; 250 60
Pyrex 550 350
Window glass 550 270
(Nay0, Ca0, SiO,)

Lead crystal (PbO, SiO,) 440 150
Ca(NO3), . 4H,0

First, the activation energy for nucleation is significantly higher than that for

growth since nucleation is a three-dimensional process whereas growth is, at

most, a two-dimensional activity (on the surface of pre-existing crystals).

Second, the decrease in free energy that happens during crystallisation, or the

volume free energy of the crystal nuclei, must be balanced against the surface

energy of tiny nuclei and the corresponding rise in free energy during

nucleation as a result of the formation of new surfaces. Because of their

comparatively large surface energies, nuclei become unstable and redissolve

at low undercooling levels, where the net drop in free energy upon

crystallisation is negligible. 253
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Therefore, only indefinitely massive homogenous nuclei with almost negligible
surface energy would be stable just below the melting point. (Another, but
related, perspective holds that only big nuclei can be stable at temperatures
around T, because tiny nuclei have lower melting points than larger nuclei.)
The relative magnitude of the two previously stated terms—surface energy
and bulk free energy—determines the critical size of a nucleus.

In order for a nucleus to remain stable, its bulk free energy must drop more
than its surface energy must grow. The critical size is the point at which these
two energies are equal. Therefore, nuclei that are larger than the critical size
are stable and have the potential to expand, whereas those that are smaller
are unstable and redissolve. Temperature has a significant impact on the
critical size of nuclei. The critical size is indefinitely huge at T, and above, but
it rapidly shrinks below T, as undercooling increases. When the liquid is
sufficiently undercooled, the critical size is small enough for random thermal or
compositional variations to easily generate stable nuclei. At this point,
nucleation happens on its own.

Therefore, certain liquids have a range of temperatures below T,, within which
they are kinetically stable and may be kept as homogenous, undercooled
liquids without crystallisation occurring if they do not include heterogeneous
nuclei. Nucleation and crystallisation may happen on their own when the
temperature is lowered further (e.g. H,O).

The general nucleation and growth rate curves provided by mathematical
models of crystallisation, particularly those proposed by Turnbull and
colleagues, resemble the curves observed in experiments. Currently, there is
only a qualitative connection between theory and experiment, and some of the
variables—particularly the surface energy of nuclei—are hard to measure.

Splat-cooled alloys Table 12.2: Classification of Glass-forming Materials by the Type of

are materials that Bonding (After Doremus, 1973)
have been rapidly

solidified by a droplet

of molten alloy hitting Bond type Examples

a surface and

spreading into a thin Covalent Oxides (silicate, etc.),
"splat”. This rapid chalcogenides, organic

cooling allows the
formation of non-
equilibrium structures,

high polymers

such as extended lonic Halides, nitrates, etc.
solid solutions and
amorphous phases, Hydrate ionic Aqueous salt solutions
that are not possible
with conventional Molecular Organic liquids
cooling methods.

Metallic Splat-cooled alloys

Glass or ceramics containing TiO, and Al,O can be prepared using sol-gel

methods at much lower temperatures than required to produce the ceramic

from the simple oxides. Often a special shape can be fashioned at the gel

stage. Thus, the gel may be shaped into a fibre and then heated to expel
254 water; this process produces a glass or ceramic fibre at much lower
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temperatures than would be necessary if the fibre were made from the melt of
the components.

Fig. 12.4: The role of a modifier is to introduce 07 ions and cations that disrupt
the lattice.

Although vitreous silica is a strong glass that can withstand rapid cooling or
heating without cracking, it has a high glass transition temperature and
therefore must be worked at inconveniently high temperatures. Therefore, a
modifier, such as Na,O or CaO, is commonly added to SiO,. A modifier
disrupts some of the Si-O-Si linkages and replaces them with terminal Si-O”
links that associate with the cation (Fig. 12.4). The consequent partial
disruption of the Si-O network leads to glasses that have lower softening
points. The common glass used in bottles and windows is called ‘sodalime
glass’ and contains Na,O and CaO as modifiers. When B,O; is used as a
modifier, the resulting ‘borosilicate glasses’ have lower thermal expansion
coefficients than sodalime glass and are less likely to crack when heated.
Borosilicate glass (such as Pyrex®) is therefore widely used for ovenware and
laboratory glassware.

Glass formation is a property of many oxides, and practical glasses have been
made from sulfides, fluorides, and other anionic constituents. Some of the best
glass formers are the oxides of elements near silicon in the periodic table
(B203, GeO,, and P,0s), but the solubility in water of most borate and
phosphate glasses and the high cost of germanium limit their usefulness.

The development of transparent crystalline and vitreous materials for light

transmission and processing has led to a revolution in signal transmission. For

example, optical fibres are currently being produced with a composition

gradient from the interior to the surface. This composition gradient modifies

the refractive index and thereby decreases light loss. Fluoride glasses are also

being investigated as possible substitutes for oxide glasses because oxide

glasses contain small numbers of OH groups, which absorb near-infrared

radiation and attenuate the signal. Doping lanthanoid ions into the glass fibres 255
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produces materials than can be used to amplify the signals. Optical circuit
elements are being developed that may eventually replace all the components
in an electronic integrated circuit and lead to very fast optical computers.

As modifier cations effectively become trapped in a glass, which is chemically
inert and thermodynamically very stable with respect to transformation to a
soluble, crystalline phase, such glassy materials offer a potential method for
containing and storing nuclear waste as ‘Synroc’ (‘synthetic rock’). Thus
vitrification of metal oxides containing as radioactive species with glass-
forming oxides produces a stable glass that can be stored for long periods,
allowing the radionucleides to decay.

12.2.3 Applications

Glass has been found to be very useful. Wide-neck jars play a crucial role in
the food industry, typically categorized as commodity items. However, it's
essential to recognize that another vital aspect of this sector involves the
production of premium containers designed for the pharmaceutical and
fragrance industries. The glass industry has expanded its product offerings to
meet diverse demands, emphasizing cost-effectiveness, eco-friendliness, and
recyclability.

Following are the important applications:

1. Container Glass is associated with the energy of light firstly for making a
perfect match with lantern use. Cold countries were fond of building
homes with glass windows so that they can have a good view and warm
inside without any UV rays entering the home, nonetheless brown/
coloured bottles were very popular for storing liquor and other beverages
just not to spoil the flavour and protect the liquid from sun light.

Flat Glass
Continuous Filament Glass Fibre

Domestic Glass

2

3

4

5. Special Glass (including water glass)

6. Mineral Wool (With two sub-sectors, glass wool and stone wool.)
7. Ceramic Fibre

8. Frits

9. Laser glasses (including special glasses)

10. Display glasses

xSpecial glasses: optical glass, glass for electro technology and electronics;
cathoderay tubes; fused silica items; glass seals; X-ray tubes; glass solders;
sintered glass;electrodes; and glass ceramics.

Later in 1970s glasses were beginning to get popular for their glass reinforced
plastics which revolutionized the automobile / ship industry due their
weightless and good strength. Then late in 1980s glasses were used to
reinforce with concretes and popularized in medical field after its invention.
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Utilizing various glass fibres in the composite results in beneficial mechanical
strengths of a tubular ‘Fibre Reinenforced Composites’ structures (used for
bone replacements). Glass beads were also used to attract women due to
their refractive lustrous shining property and were cost effective.

Many advanced photonic material applications are known. Researchers were
concerned with the improvement of solid state lasers utilize the luminescence
of RE (rare earth) ions in glasses and crystals. All the rare earth ions (Pr*,
Cce*, Nd**,sm*, Eu*, Gd**, Tb*", Dy**, Ho*', Er** and Tm** have their
respective applications in the production of optical devices, photonic materials
to extend advanced lasers, optical amplifiers to optoelectronics and optical
communication applications in the field of RE luminescence. More recently,
however, optoelectronics has emerged as the principal area of research into
RE luminescence, and the current article therefore focus on the different ways
in which RE luminescence has been interpreted. The most common
approaches to produce white light are:

(1) Mixing of Red, Green, and Blue LEDs,
(2) Blue LED chip fabricated yellow phosphor on top,

(3) Ultraviolet (UV) LED chip with a combination of two (blue and yellow) or
three (red, blue, and green) phosphors, and

(4) UV LED chip combined to a single multi-chromatic phosphor.

As discussed above, by triple-doping with Tm,O3(Blue), Tb,O,(Green) and
Eu,0; (Red) in the lithium alumino-borate glass matrix represents a promising
means to achieve white light emission.

(a) (b)
Fig. 12.5: (a) A sodium silicate glass structure (schematic). Only three oxygens
around each silicon are shown. (b) Two boroxyl groups linked by a
bridging oxygen

Now let us study about the special glasses which are obtained on oxide
additions

(i) Distribution of Cations in the Glass Network

In glasses, small fragments of sheet-like anions may sometimes occur,
but it is more likely that the structure is an open three-dimensional
framework. 257
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(ii)

(iii)

o Cations such as Na* occupy the large holes within this framework.

o Their distribution is not completely random. X-ray diffraction studies
show that these cations may cluster together. The exact significance
of this clustering is not well understood. It may be due to the non-
random arrangement of holes in the glass network. Alternatively, there
could be some kind of cation—cation interaction, probably involving
oxide ions, that causes clustering.

Effect of Increasing the Amount of a Second Oxide
As more of a second oxide is added to silica:

e The silica network breaks down further.

e The melts become more fluid.

e On cooling, there is a greater tendency to devitrify.

When the ratio of second oxide : silica reaches 1:1, it is usually difficult or
impossible to cool the liquid into a glassy state.

Effect of Adding Glass-Forming or Conditional Glass-Forming Oxides

The effect of adding glass-forming oxides or conditional glass-forming
oxides to silica is different from adding network modifiers.

o These oxides can substitute for silica in the network.
e The result is that the random three-dimensional structure is preserved.

o Therefore, such glasses show greater resistance to devitrification
during cooling.

The range of compositions where glasses can form is usually very wide:

o Lead silicate glasses can be prepared with up to ~80 mol% PbO (PbO
is a conditional glass-forming oxide).

e B,0;-SiO, glasses can form over the entire range of compositions
between SiO, and B,Os.

Vitreous B,0; and Borate Glasses

Borate glasses are not widely used commercially because they are water-
soluble. However, B.O:; is a key component of borosilicate glasses (e.g.,
Pyrex).

In terms of structure:

Silicate glasses (SiO,) consist of SiO, tetrahedra (Fig. 12.5a).
Borate glasses (B,03) consist of BOj; triangular units (Fig. 12.5b).

Depending on composition, borate glasses may contain a mixture of BO3
triangles and BO, tetrahedra.
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Structural Units in Vitreous B,0O;:

e A Kkey structural feature is the boroxyl group is a planar, six-membered
ring made of alternating boron and oxygen atoms. These rings are linked
into a 3D network by bridging oxygens.

e Because boron is triangularly coordinated (BO3) rather than tetrahedrally
(as in SiOy), the structure is more open.

e As aresult glassy B,O3 has an open structure whereas molten B,Osis
more fluid than molten SiO,.

Evidence for Triangular Coordination of Boron

e X-ray diffraction and ''B NMR spectroscopy confirm triangular
coordination in vitreous B,Os.

« Radial distribution curve for B,O; glass: Peak at 1.37 A gives the B-O
distance (in BO; triangles) whereas the peak at 2.40 A gives the 0-O
distance (in BO; triangles).

e By contrast, in crystalline borates containing BO, tetrahedra the B—O
distance is longer (1.48 A).

The Boron Oxide Anomaly: when alkali oxides (e.g., Na,O) are added to
vitreous B,Os then the results are different from alkali silicates.

Observed effects (Na,O—- B,0; system):

o Viscosity of melts increases with soda content, reaching a maximum at
~16 mol% Na,O.

o Coefficient of thermal expansion decreases, reaching a minimum at ~16
mol% Na,O.

By contrast, in alkali silicates:

e Viscosity decreases steadily with more alkali.

o Coefficient of thermal expansion increases steadily.
e« No maxima or minima are observed.

This unusual behavior is known as the boron oxide anomaly. This happens
due to certain reasons. With small amounts of added alkali oxide, some boron
atoms convert from BO; (triangular) to BO, (tetrahedral) coordination. This
increases the connectivity of the network (“ties in” the structure), causing
higher viscosity. The B:O ratio changes as in vitreous B,0; it is 1:1.5 whereas,
with added alkali it approaches 1:2 (as in vitreous SiO5). In theory, a fully
tetrahedral network could form at 50 mol% alkali oxide (Na,B,O, composition).
However, viscosity starts to decrease well before this point because a network
with many tetrahedral boron units lacks the strength and rigidity of a silicate
network. This is due to the lower charge on boron (+3) compared to silicon
(+4), making B—O bonds weaker than Si—O bonds.

Scintillating Glasses have a lot of medical applications. The CaGdSiB glass
doped with 0.30 mol% Eu®" show the comparative integral scintillation
efficiency as those of crystals. These glasses perform as similar to their crystal 259



Block 4

Miscellaneous Materials

260

counterpart and better luminescence decay time than crystal with few
millisecond that it can be used in the integration mode of scintillation for the X-
ray imaging inspection systems in medical and industrial purpose as well as
portal imaging system at MeV energies.

Smart Glasses have been used for computing. The release of the Google
Glass device into the public realm, have changed further dimension of glass.
Wearable computing does not only incorporate smart glasses, but also smart
watches, fitness trackers and all other technologies. Google Glass works
similar to a smart phone which displays information in front of the glasses via a
prism located above eye as shown in the Fig. 12.6. The first device for mobile
computing was commercially available as “Google Glass”. The device has
been designed with the intention to replicate normal eye glasses as much as
possible.

—

e

Fig. 12.6: Google glass.

The incorporation of functional inorganic compounds into glasses has led to
the development of so-called ‘smart glasses’ that have switchable properties,
such as electrochromism, the ability to change colour or light transmission
properties in response to application of a potential difference, and reversible
photochromism, the ability to change colour under certain light conditions. An
electrochromic glass generally consists of a glass coated with colourless
tungsten trioxide, WOj,, or a sandwich-like layer structure consisting of these
two components. When a potential difference is applied to the WO; layer,
cations are inserted and the W is partially reduced to form M,W(VI, V)O3,
which is dark blue. The coating maintains its dark colour until the potential
difference is reversed, when the glass becomes colourless. Application of
electrochromic glasses include privacy glass, auto-dimming rare-view mirrors
in vehicles, and aircraft windows. A similar coating is used in self-cleaning
glasses, where a metal oxide coating on the glass acts as a photocatalyst for
the breakdown of organic dirt on their surfaces.

A photochromic glass incorporates a small amount of a colourless silver
halide, normally AgCl, within the glass. When exposed to UV radiation, such
as that in sunlight, the AgCl dissociates to form small clusters of Ag atoms,
which absorb light across the visible region of the spectrum, imparting a grey
colour to the glass. When the UV radiation is removed, the AgClI reforms and
the glass returns to its optically transparent state. Photochromic glasses are
widely used in the lenses of spectacles and sunglasses. Thus in this section
we discussed about glasses in details, specially glassy state, glass former,
modifiers. Before moving to the next section try out the following SAQ.

§4Q1

What are glass formers and what are their types? Give examples of any two
types.
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12.3 CERAMICS: STRUCTURE AND PROPERTIES

Let us now discuss about ceramics, specially their structure and properties.
Definition of Ceramics

e  Origin of term: Greek keramos meaning “burnt stuff.”

o Early view: Pottery from clay shaped, dried, and fired — “earthenware.”

e  Broader definition: Art and science of making and using solid articles
formed by heating earthy raw materials.

e  Modern view (W. D. Kingery): Solid articles composed mainly of inorganic,
nonmetallic materials.

Ceramics are distinguished from metals and organic materials.
Classification challenge is there as it may be based on composition vs
bonding. Example: Diamond (often called ceramic) vs Silicon (same
structure, rarely called ceramic).

Raw Materials and Ceramics

The nature of the raw materials strongly affects the final properties of a
ceramic component. Factors such as purity, particle size distribution,
reactivity, polymorphic form, availability, and cost must all be considered and
carefully controlled.

Ceramic materials are inorganic, nonmetallic compounds, usually oxides like
SiO,, Al,O3 and non-oxides such as carbides, nitrides and borides. They are
found to have ionic, covalent bonds or combination of them. Characteristics of
ceramics are that they are:

i. stable and resistant to chemical attack.

ii. brittle, hard, and wear resistant.

iii. having high temperature strength.

iv. good electrical insulators at room temperature.

v. having thermal conductivities between those of polymers and of metals.

Both single crystals and polycrystalline materials (polycrystals) can be found in
ceramic materials. The orientation of these polycrystals in relation to one
another is essentially random. Another name for them is "grains." The ceramic
material is multiphase when the grains have different compositions. The
monolithic material has single-phase grains.

In Fig.12.7 is shown a typical cross-section of ceramic material. It has many
irregularly shaped grains and pores put together.The solid-solid interfaces are
called "grain boundaries" and the solid-gas interfaces are called "free
surfaces".

261
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Fig. 12.7: A typical cross-section of ceramic material.

To produce polycrystalline ceramic material, fine-grained powder is
compressed and heated to a temperature of approximately 65-75% of its
melting point. This process, known as sintering, results in the shrinkage of the
powder compact as it is heated, leading to an increase in its bulk density and
the formation of the ceramic body. During this densification process, primary
grain coarsening, referred to as grain growth, occurs alongside the reduction
or elimination of intergranular voids, known as pore shrinkage. The
progression and rate of these microstructural changes are collectively termed
microstructure development of the sintered ceramic body.

Semiconductors represent a specific category of ceramics; these materials are
covalently bonded solids that include well-established elements such as silicon
(Si) and germanium (Ge), as well as compounds like gallium arsenide (GaAs),
cadmium telluride (CdTe), and indium phosphide (InP). Moreover, other
semiconductors outside the traditional electronic materials encompass silicon
carbide (SiC), titanium dioxide (TiO5), zinc oxide (ZnO), among others.
Generally speaking, the arrangement of atoms in solids—and ceramics in
particular—can exhibit either long-range order, short-range order, or a
combination of both. Solids demonstrating long-range order are classified as
crystalline solids, whereas those lacking periodicity are referred to as
amorphous, glassy, or noncrystalline solids.

(You have studied in previous MCHO13 course, Units 5 & 6 where
fundamentals of solid state and crystal symmetry have been discussed in
great detail. You have learnt about unit cell, crystal systems, Bravais lattices
and lattice parameters, which you must recapitulate.)

But exceptional cases do exist, for example there are some ceramics which
are electrically and thermally quite conductive, as well as they may be
superconducting or magnetic.

Silicate Ceramics

Kaolinite, Si,Al,O5(OH)4 or Al,O3, 2SiO,, 2H,0, is the most common among
the argillaceous minerals used in ceramics.

The kaolinite found in clays varies greatly in degree of crystallinity. It is mostly

determined by the formation circumstances and the impurity content added to

the crystalline lattice. The heat treatment causes kaolinite to change in a

number of ways. The removal of water, which starts around 450 °C, is a highly
262 endothermic occurrence. Next, Al,03.2Si0,, the amorphous metakaolin, is
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created. The amorphous metakaolin undergoes a structural reconfiguration as
a result of the exothermic change that is seen between 960 and 990 °C.
Phase changes take place, leading to various stoichiometry ranging from
3Al,03.2Si0; to 2Al,03.2Si0,. Amorphous silica is released during this
process. From 1,200 °C forward, the excess amorphous silica begins to
crystallize as cristobalite.

Shape-Forming: Pressing Processes

(a) Pressing Methods
o Uniaxial pressing: pressure in one direction.
o Isostatic pressing (CIP): pressure applied uniformly from all directions.
o Hot pressing / hot isostatic pressing: with heat.

(b) Steps in Pressing

Powder preparation (granulation or spray drying).

Addition of additives.

Pressing (compaction).

Quality checks before and after densification.
(c) Additives

o Binders (organic: PVA, starches, gums; inorganic: clays). Provide
temporary strength.

o Plasticizers: make binder more flexible.

o Lubricants / compaction aids: reduce friction, improve uniformity,
extend tool life.

Pressing Techniques
e Dry pressing:
o Powder has 0-4% moisture.
o High pressure ensures dense, uniform compacts.
o High production rate, close tolerances.
o Wet pressing:
o Powder with 10-15% moisture (clay-rich).

o More plastic deformation, but poor automation and looser tolerances
(Fig. 12.8).

o Uniaxial pressing issues: density variation, die wear, cracks.
Isostatic Pressing

o Advantage: greater density uniformity than uniaxial pressing. 263
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e Types:

o Wet-bag: powder sealed in flexible mold — immersed in fluid under
pressure.

o Dry-bag: pressure applied through internal channels — higher
production rate, automation possible.

o Applications: spark plug insulators, oxygen sensor electrolytes,

complex ceramic parts.
:|—': Breach-lock or
/ pressure seal cover
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Fig. 12.8: Schematic of a wet-bag isostatic pressing system. (© Drawing
courtesy of ASM International).

So in this section we have discussed the structure and properties of ceramics.
Before going to the next section try out the following SAQ.

§4Q2

What are the general characteristics of ceramics?

12.4 CLASSIFICATION OF CERAMICS

Let us now understand the classification of ceramics.
Traditional (Conventional) Ceramics

e Traditional ceramics have been produced for thousands of years,
originally from naturally occurring raw materials.

e Many of the minerals used in ancient civilizations are still used today,
forming the basis of a large segment of the ceramic industry.

(a) Clay Minerals
o Clays are hydrated aluminosilicates with layer structures.
o Examples:
o Kaolinite, Al(Si;Os)(OH)4.2H,0],
264 o Halloysite, [Aly(Si,Os)2(OH).], 2H.O
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o Pyrophyllite, [Aly(Siz05)2(OH)],

e Montmorillonite, [Al 1 .57(Na, Mg)0.33(8i205)2(OH )2] .

Formation: weathering of igneous rocks (feldspar-rich), in the presence
of water, CO,, and organic acids.

e Importance:
o Plasticity when wet provides workability and binding.

o Essential for fabrication of pottery, dinnerware, tiles, bricks, and
pipes.

(b) Silica (SiO)

o Major uses: glass, glazes, enamels, refractories, abrasives, and
whiteware.

e Common source: quartz (main constituent of sand, sandstone,
quartzite).

(c) Feldspars
e Composition: from KAISi;O3 to NaAIlSi;Og, which formed CaAl,Si,Os.

e Role: act as a flux (reduce melting temperature) in ceramic
compositions.

(d) Other Naturally Occurring Minerals :Talc [(Mg,(Si,O,),(OH,),
asbestos [(Mg,Si,0,(OH,)], wollastonite (CaSi,0, ),and sillimanite
(ALSiOs).

Modern Ceramics

Over the last 50 years, advances in materials science have enabled refining of
natural minerals and synthesis of new ceramic compositions with special
properties. These are called modern ceramics. They are produced with highly
controlled composition and structure and designed to meet demanding
applications where traditional ceramics fail. Types of modern ceramics:

1. Oxide ceramics: Al,O3, ZrO,, ThO,, BeO, MgO, and MgAl,O,.
2. Magnetic ceramics: PbFe,049, ZnFe,0,, and YegFe19024.
Ferroelectric ceramics: BaTiOs.

Nuclear fuels: UO,, UN.

o M o

Nitrides, carbides, borides: SizN4, SiC, B,C, and TiB..

The different types of clays that are discussed below is taken to form different
types of ceramics.

Clays (the kaolinite can be one type or component of clays). Clays are

hydrated aluminosillicate minerals. lts structure consists of stacks of two types

of layers. One is aluminium in an octahedral environment and the other is

silicon in tetrahedral coordination. 265
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By extension, any raw material with demonstrated plastic qualities that
contains at least one argillaceous mineral is frequently referred to as clay. The
colour of these natural items is largely influenced by the contaminants they
contain. (argillaceous mineral refer to rocks that are silt- or clay-sized
sediments with grains less than 0.0625 mm in diameter.) They account for
more than 50 per cent of sedimentary rocks and most have a very high clay
mineral content.

You must understand that the different types of clays behave differently when
they are manipulated and undergoes firing.

Vitrifying plastic clays are those which because of their paste's exceptional
flexibility, are typically coloured. They consist of micarceous (from mica)
and/or feldspathic impurities, organic matter, iron and titanium oxides, illte
(formula SigAly), (Al, Fe) 2044(0OH)2K,(H,0), and very fine clay particles.

A high amount of free silica is another characteristic of these clays. Up to 35%
of the dry matter weight may consist of sand. The substance known as "ball
clay" is utilized extensively because of its low mica content and plasticity.
Despite having the same argillaceous mineral as kaolin, the clay's plasticity is
significantly better due to the much smaller sized kaolinite particles'.

Refractory clays are employed in procedures involving high temperatures.
They contain a lot of alumina. Of these clays, kaolins are the most refractory.
They are always pure, have a modest amount of mica, little quartz, and often
less than 2% mixed alkaline oxides. They are especially suitable for the
production of white products because they have very little colouring element.

Red clays are used to produce terra cotta products. They generally contain
kaolinite, illite and/or other alkaline clays, sand, mica (formula SizAl;040(OH),),
goethite (FeO(OH) and / or hematite (Fe,O3), organic matter. Quite often,
calcium compounds are found which help in lowering the firing temperature of
the product just like the micas and the other alkaline-rich compounds.

Let us now discuss the various oxides that play an important role in firing of
traditional ceramics:

Acidic Oxides: They are backbone of the ceramic and its basic role is to
improve the mechanical properties.(MO,, E.g. SiO,, TiO,, ZrO,, CrO......etc.)

Basic Oxides: They are fluxes, i.e. their role is to reduce the firing
temperature. (MO and M,0, e.g. CaO, MgO, Na,0O, K0, Li,0....etc.)

Amphoteric Oxides: They form bridges between acidic and basic oxide and
partially substitute them. (M,O; and M,0, e.g. CaO, MgO, Na,0, K,0,
Li,O....etc.)

Feldspars are used to make the silicate ceramic pastes, which may be the
following minerals, namely orthoclase (K,O. Al,03.6Si05), albite
(Na,0.Al,03.6Si05), anorthite (Ca0.Al,05.2Si0,), petalite (Li,O.Al,03.8Si0,),
soda Na,O, sodash, potash and lucite.

Because of its reaction with silica, which results in a liquid with a relatively high
viscosity that slightly decreases as the temperature rises, potassium feldspar
is especially valued by ceramists as a means of preventing excessive
deformation of the pieces during the treatment process.
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Silica: Quartz and cristobalite, which include 95 and 100% of quartz mass,
are crystallized forms of silica, SiO,, a polymorphic raw material that can be
found in pebbles. It is most commonly used to increase the mechanical
strength of products in the ceramic sector. It is common practice to employ
relatively fine sand grains (20 to 60 um) in the production of porcelains and
stonewares.

Sand can react with ceramics when they are fired, especially when the fluxes
are involved. Frequently, this response is incomplete. From 1200°C onward,
the leftover quartz can begin to change into cristobalite. Temperature
increases, the use of fine-grained sand, the presence of certain contaminants,
and the usage of reducing atmosphere all contribute to this transition. Here it
is important to note that the form of silica determines the thermal properties of
silicate ceramics.

Now let us look at the different products of ceramics while classifying them.

Terracotta products: Terracotta is referring to potteries of construction
products. They are found in roof tiles, bricks, flues, drainage, pipes, or some
floor tiles. Before they could be obtained by modelling, drying and firing
common clays. But now, it has become more complex. A combination of
clays, additives, and colouring agents are done to get the final characteristics.

After firing, the temperature typically falls between 900 and 1160°C. Products
made of terra cotta are mechanically robust and permeable. They can be sold
raw, enameled, or coated with varnish, a low-temperature glaze made
between 600 and 900°C. They are valued for their acoustic and hygrothermic
qualities, as well as their durability over time.

Earthenware products: Earthenware is a hardened, brittle material fired at
low temperaturesof between 1,000 to 1,150°C. It is used in various products
like crockery, pottery, and wall tiles. It is made from clays with quartz, chalk,
feldspar, or ground glass. Shaped through slip casting, jiggering, and powder
pressing, earthenware undergoes biscuiting heat treatment at 900 and
1230°C, limiting deformation and shrinkage due to its refractory nature.
Biscuiting is the heat treatment given to the raw product after drying.

Stoneware products: Stonewares are opaque, coloured, and impermeable
products made from a mixture of plastic clays and flux. They are formed
through extrusion or granulated powder pressing, with firing temperatures
ranging from 1120 and 1300°C. They can be enameled or salt-glazed, and
are known for their resistance to erosion and chemical agents.

Porcelains: Porcelains are white, translucent, and low-thickness porcelain
products with brilliant fractures and a vitreous appearance. They are fired
through a process called "pasty fusion" where a liquid phase dissolves solid
grains, forming a large vitreous phase. As manufacturing processes evolve,
pressure casting and shaping are replacing jiggering and casting in plaster
moulds, and fast firing techniques are increasingly used for enamel and
decorations.

Vitreous china: Vitreous china is dense products made from pastes similar
to feldspathic earthenwares, used for sanitary articles and tough crockery. 267
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They are formed through jiggering, casting, or isostatic pressing. A good raw
material and shaping process ensures mechanical strength for enameling.
Crockery typically undergoes a twice-firing treatment, with enamel formation
occurring during the second firing. Porcelains improve quality by limiting
deformation risks.

Alumina Ceramics: Alumina is primarily produced from bauxite rocks treated
through the Bayer process, which dissolves alumina in aluminate and
precipitates impurities. After cooling, sodium aluminate solution NaAI(OH), is
seeded with y-Al(OH); germs, leading to a massive precipitation of gamma
aluminas. Alumina ceramics are known for their stability, strong atomic bonds,
high hardness, elasticity moduli, and refractoriness.

Magnetic Ceramics (Ferrites)
Classification by Magnetic Behavior
o Soft ferrites: easily magnetized/demagnetized (spinel type).

o Used in electronics: TV, radios, telephones, transformers, recording
heads.

o Hard ferrites: permanent magnets (hexagonal type, e.g., BaFe 2,01,
PbFe;,01s).

e Square-loop ferrites: sharp hysteresis, used in early computer memory
cores, switches, controls.

¢ Microwave ferrites: operate at microwave frequencies.

o Applications: radar, communication systems, isolators, circulators,
waveguides.

o Example: yttrium iron garnet (Y1G), modified with rare-earth
substitutions.

o Special Case: Recording Tape
e Uses Fe,0; single crystals dispersed in flexible polymer tape.

12.4.1 Clay Products

Clay is one of the most common basic materials used in ceramics. This cheap
substance, which is abundant in nature, is frequently utilized exactly as it is
mined without any quality improvement. The simplicity with which clay items
can be made is another factor contributing to its appeal; when clay and water
are combined in the right amounts, they create a plastic mass that is highly
malleable. To increase its mechanical strength, the produced component is
burned at a high temperature after being dried to eliminate some of the
moisture. Whitewares and structural clay products are the two main categories
into which the majority of clay-based items can be divided. Building bricks,
tiles, and sewer pipes are examples of structural clay products used in
applications where structural integrity is crucial. After being fired at a high
temperature, whiteware ceramics turn white. This category includes plumbing
fittings (sanitary ware), china, porcelain, pottery, and tableware. Many of these
goods contain nonplastic materials in addition to clay, which affect the final
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product's properties and the changes that occur during the drying and fire
processes.

12.4.2 Refractories

Refractory ceramics are a crucial class of ceramics used in large tonnages
due to their ability to withstand high temperatures without melting or
decomposing, remain unreactive when exposed to severe environments,
provide thermal insulation, support mechanical loads, and resist thermal
shock. They are commonly used in furnaces, smelters, glass manufacturing,
cement kilns, and power generators. The performance of refractory ceramics
depends on its composition and processing methods. There are two general
classifications: clay and nonclay. Clay refractories are subclassified into
fireclay and high-alumina, with high-alumina refractories being more robust
and more resistant to severe environments. Nonclay refractories include silica,
periclase, extra-high alumina, zircon, and silicon carbide materials. Silica
refractories are known for their high-temperature load-bearing capacity and
resistance to slags rich in silica. Basic refractories are rich in periclase,
chrome ore, and mixtures of these minerals, while extra-high alumina
refractories have high concentrations of alumina and are highly resistant to
thermal shock. Zircon is a nonclay refractory ceramic with excellent resistance
to corrosion, high mechanical strength, and thermal shock. Carbon and
graphite are refractory ceramics but have limited application due to their
susceptibility to oxidation at temperatures exceeding 800°C. So in this section
we have discussed in details the classification of ceramics.

12.4.3 Applications

Applications of Traditional ceramics: pottery, dinnerware, tiles, bricks, pipes,
refractories, abrasives, and glass.

Table 12.3: Traditional Ceramics

Whitewares Dishes, plumbing, enamels, tiles

Heavy clay products sewer pipe, brick, pottery, sewage treatment, and
water purification components

Refractories Brick, castables, cements, crucibles, molds
Construction Brick, block, plaster, concrete, tile, glass, fibreglass
Abrasive products Grindining wheels, abrasives, milling media, sandblast

nozzles, sandapaper

Glass Too numerous to list

Applications of modern ceramics: electronics, nuclear technology, aerospace,
energy systems, and advanced engineering components.

Applications of magnetic ceramics: motors, household magnets, loudspeakers,
particle accelerators.

Here we will study the applications of glass ceramics. Glass-Ceramics have
high mechanical strengths, low coefficients of thermal expansion (to prevent
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thermal shock), good high-temperature capabilities, good dielectric properties
(for electronic packaging applications), and good biological compatibility are
some of the qualities that glass-ceramic materials are intended to possess.
While certain glass-ceramics may be made opaque, others can be made
optically transparent. The simplicity of fabrication of this class of materials may
be its most alluring feature; mass production of practically pore-free ware may
be accomplished with ease using standard glass-forming procedures.

Commercial glass-ceramics are produced under the brand names Vision,
Cercor, Corning Ware, and Pyroceram. Because of their robustness and
superior resistance to heat shock, these materials are most frequently used as
range tops, oven windows, ovenware, and dinnerware. Moreover, they are
utilized for heat exchangers, regenerators, electrical insulators, and printed
circuit board substrates.

Special glasses: depend on which are the desired properties of the products.
Example, specialist borosilicate products; optical glass, glass for electro
technology and electronics; cathode ray tubes; fused silica items; glass seals;
X-ray tubes; glass solders; sintered glass; electrodes.

Before moving to the next section, please solve the following SAQ.

SAQ3

What are the various oxides that play an important role in firing of traditional
ceramics?

12.5 SUMMARY

In this unit you have firstly studied about glasses. In which you have learnt the
details of glassy state, glass formers, glass modifiers and their applications.
Thereafter you have studied about ceramics, their structure and properties.
Next, classification of ceramics were taken up. At the end discussions about
applications of glass and ceramics were done. In this way you have studied
about glass, ceramics and their applications in this unit. In the next unit you
will be studying about composites and their applications.

12.6 TERMINAL QUESTIONS

1. Explain the glass transition temperature and its significance in glass
processing.

2. How can we modify the properties of glasses by varying composition or
processing conditions?

3. Explain the concept of glass-ceramics and discuss their advantages over
conventional glasses and ceramics.

4. Discuss the factors that influence the sintering behaviour of ceramic
materials.

5. How can the different types of clays be manipulated to behave differently?
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12.7 ANSWERS

Self Assessment Questions

1. Glass represents a unique state of matter, distinct from traditional forms

such as metals, polymers, and ceramics. Its diverse applications depend
on a wide variety of specific properties, which are influenced by its
chemical composition. A crucial aspect of this composition is the network
former, which serves as the fundamental backbone of the glass structure.
Altering the type of former used significantly impacts the characteristics of
the final product. Covalent, ionic, molecular, metallic as well as hydrogen
bonded materials form glass. Also chemical compounds, complex organic
molecules, salt mixtures and alloys all form glasses have been made from
elements, simple.

Network Forming Oxides, Network Modifying Oxides, Intermediate
Oxides, Redo Active Oxides. (Give two examples from section 12.2.2)

General Characteristics of Ceramics:

1. | Hard 6. | Electrically insulative

2. | Wear-resistant 7. | Thermally insulative

3. | Brittle 8. | Refractory

4. | Nonmagnetic 9. | Vulnerable (susceptible) to thermal

shock

5. | Intrinsically transparent 10. | Oxidation-resistant, chemically stable

Acidic Oxides: backbone of the ceramic, improves the mechanical
properties. (MO,, E.g. SiO,, TiO,, ZrO,, CrO,.....etc.)

Basic Oxides: fluxes, reduce the firing temperature. (MO and M,0, e.g.
CaO, MgO, Na,0, K0, Li,0....etc.)

Amphoteric Oxides: form bridges between acidic and basic oxide and
partially substitute them. (M,O3; and M0, e.g. CaO, MgO, Na,0, K0,
Li,O....etc.)

Terminal Questions

1.

Even though the physical properties of a material changes drastically
through its glass transition, there is no phase transition. Instead it is a
laboratory phenomenon which extends over a range of temperature.
Glassy, or noncrystalline, materials when cooled, its viscosity increases
continuously as the temperature decreases. Unlike crystalline materials
they do not have a definite temperature at which the liquid transforms into
a solid. In glassy materials, the volume exhibits a continuous decrease as
the temperature is reduced. At the glass transition temperature, T, a
slight reduction in the slope of the curve is observed. The substance is
regarded as a glass below this temperature, a supercooled liquid above it,
and then a liquid eventually. The viscosity and temperature properties of
glass are also crucial in glass-forming processes. (Give Fig. 12.2). 271
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The development of transparent crystalline and vitreous materials for light
transmission and processing has led to a revolution in signal transmission.
For example, optical fibres are currently being produced with a
composition gradient from the interior to the surface. This composition
gradient modifies the refractive index and thereby decreases light loss.
Fluoride glasses are also being investigated as possible substitutes for
oxide glasses because oxide glasses contain small numbers of OH
groups, which absorb near-infrared radiation and attenuate the signal.
Doping lanthanoid ions into the glass fibres produces materials than can
be used to amplify the signals. Optical circuit elements are being
developed that may eventually replace all the components in an electronic
integrated circuit and lead to very fast optical computers.

As modifier cations effectively become trapped in a glass, which is
chemically inert and thermodynamically very stable with respect to
transformation to a soluble, crystalline phase, such glassy materials offer
a potential method for containing and storing nuclear waste as ‘Synroc’
(‘synthetic rock’). Thus vitrification of metal oxides containing as
radioactive species with glass-forming oxides produces a stable glass that
can be stored for long periods, allowing the radionucleides to decay.

Some of the qualities that glass-ceramic materials are intended to
possess: high mechanical strengths, low coefficients of thermal expansion
(to prevent thermal shock), good high-temperature capabilities, good
dielectric properties (for electronic packaging applications), and good
biological compatibility. While certain glass-ceramics may be made
opaque, others can be made optically transparent. The simplicity of
fabrication of this class of materials may be its most alluring feature; mass
production of practically pore-free ware may be accomplished with ease
using standard glass-forming procedures.

Commercial glass-ceramics are produced under the brand names Vision,
Cercor, CorningWare, and Pyroceram. Because of their robustness and
superior resistance to heat shock, these materials are most frequently
used as range tops, oven windows, ovenware, and dinnerware. Moreover,
they are utilized for architectural cladding, heat exchangers, regenerators,
electrical insulators, and printed circuit board substrates.

(Fig.12.7) Ceramic materials have many irregularly shaped grains and
pores put together. The solid-solid interfaces are called "grain
boundaries" and the solid-gas interfaces are called "free surfaces". To
produce polycrystalline ceramic material, fine-grained powder is
compressed and heated to a temperature of approximately 65-75% of its
melting point. This process, known as sintering, results in the shrinkage of
the powder compact as it is heated, leading to an increase in its bulk
density and the formation of the ceramic body. During this densification
process, primary grain coarsening, referred to as grain growth, occurs
alongside the reduction or elimination of intergranular voids, known as
pore shrinkage. The progression and rate of these microstructural
changes are collectively termed microstructure development of the
sintered ceramic body.
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10.

The different types of clays behave differently when they are manipulated
and undergoes firing. Vitrifying plastic clays are those which because of
their paste's exceptional flexibility, are typically coloured. They consist of
micarceous (from mica) and/or feldspathic impurities, organic matter, iron
and titanium oxides, illte (formula SigAly), (Al, Fe) 2049(OH)2K,(H,0), and
very fine clay particles. A high amount of free silica is another
characteristic of these clays. Up to 35% of the dry matter weight may
consist of sand. The substance known as "ball clay" is utilized extensively
because of its low mica content and plasticity. Refractory clays are
employed in procedures involving high temperatures. They contain a lot of
alumina. Of these clays, kaolins are the most refractory. They are always
pure, have a modest amount of mica, little quartz, and often less than 2%
mixed alkaline oxides. They are especially suitable for the production of
white products because they have very little colouring element. Red clays
are used to produce terra cotta products. They generally contain kaolinite,
illite and/or other alkaline clays, sand, mica (formula SizAl;049(OH),),
goethite (FeO(OH) and / or hematite (Fe,O3), organic matter. Quite often,
calcium compounds are found which help in lowering the firing
temperature.
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UNIT1 3

COMPOSITES AND THEIR
APPLICATIONS

Structure

13.1 Introduction 13.3 Applications of Composites
Expected Learning Outcomes 13.4 Summary

13.2 Composites 13.5 Terminal Questions
Classification of Composites 13.6 Answers

Formation of Composites

13.1 INTRODUCTION

In the previous unit, you have studied about glasses, ceramics and their
applications. In this unit, you will be studying about composites and their
applications. You will first study about the classification of composites,
followed by the formation of composites. At the end you will be studying about
their applications. In this way, in this unit, you will be studying composites in
detail

Expected Learning Outcomes

After studying this unit, you should be able to:
classify of composites;

explain the formation of composites; and

discuss about the applications of composites.

13.2 COMPOSITES

Let us now discuss about composites. Composite materials are structural
materials made from fibres or particles embedded in a matrix of another
material. They are often used in laminates, fabrics, and reinforcing materials to
withstand maximum loads and achieve desirable properties. Matrix-based
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structural composites serve two primary purposes: binding reinforcement
phases and deforming to distribute stresses. Matrixes can have temperature
variations, be conductors or resistors of electricity, or have moisture sensitivity.
Some inorganic materials, polymers, and metals have been used as matrix
materials in structural composite design. Composites cannot be made from
constituents with divergent linear expansion characteristics. The choice of
fabrication method depends on matrix properties and the effect of the matrix
on reinforcement properties. Chemical inert constituents are crucial in
composite selection and fabrication.

13.2.1 Classification of Composites

Composite materials are combinations of two or more distinct phases (matrix
and reinforcement) that result in superior overall properties. They can be
classified in several ways, one of the most common being based on the shape
of the filler and the reinforcement scheme.

Classification by Shape of Filler

1. Particulate Composites
Filler phase consists of particles (spherical, cubic, or irregular).
Distribution may be random or controlled.

Examples: Concrete (sand + gravel in cement), metal-matrix
composites with ceramic particles.

2. Fibrous Composites
Reinforcement in the form of fibres.
Fibres may be continuous or short (discontinuous).

Examples: Glass fibre reinforced plastics (GFRP), carbon fibre
composites.

3. Flake Composites
Reinforcement in the form of thin plate-like fillers.
Provide good barrier properties and dimensional stability.

Example: Composites with mica or glass flakes.

<

(a) (b) (c) (d) (e)
Fibre composite Particulate Flake composite Lammar Filled composite
composite composite

Fig. 13.1: Representative classes of the composite materials. 275
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Classification by Schemes of Reinforcement

1. Particle Reinforcement (b)

Load transfer occurs from the softer matrix to hard dispersed
particles.

Improves wear resistance, hardness, and sometimes toughness.
2. Fibrous Reinforcement (c)

High aspect ratio fibres (continuous or alligned) carry most of the
load.

Provides very high strength and stiffness in the fibre direction.
3. Laminar or Layered Reinforcement (d)

Composite is built up in layers (laminates).

Each layer may have fibres oriented differently.

Improves strength, impact resistance, and fatigue resistance.

Example: Laminated polymer composites in aerospace applications.

Composites

Particle- Fibre-
reinforced reinforced

Large- e .‘ . . .

: Continuous Discontinuous
article
p s® ]

Dispersion-
strengthened

Structurally
reinforced
Laminates g
Sandwich
structure

_ L
Alligned | |
il (Y|

Random |-——— "/

Fig. 13.2: Classification of composite materials based on the types of
reinforcement.

Composite materials are advanced materials known for their high specific
strength and stiffness, resistance to fatigue, and good performance at elevated
temperatures. A key advantage is that their properties can be tailored during
fabrication to meet specific requirements. Moreover, they can often be shaped
close to the form of the final product or structural component, reducing the
need for extensive post-processing. By definition, composites are
heterogeneous materials made up of two or more distinct components that
differ significantly in their properties. These components are mutually insoluble
or only slightly soluble and remain separated by clear interfaces.

The concept of composite design is inspired by natural systems. Examples
include:
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e Wood: where cellulose fibres are bound together by the polymer lignin.

e Bone: where thin, strong crystals of calcium phosphate are reinforced by
collagen fibres.

The overall properties of a composite depend on the physical and mechanical
characteristics of the individual components. The strength of bonding at their
interfaces.

A major feature of composites is that they combine the advantages of their
components while minimizing their weaknesses. In some cases, they even
display novel properties not present in any individual component. For optimal
performance, the components are selected to have different but
complementary properties.

The matrix (base material) in a composite provides shape and binds the
reinforcement. It strongly influences processing conditions, service
temperature, fatigue resistance, environmental stability, density and specific
strength.

Depending on the matrix material, composites can be classified as:

e Metal matrix composites (MMC) — matrix of metals or alloys,

e Polymer matrix composites (PMC) — matrix of synthetic polymers,
e  Ceramic matrix composites (CMC) — matrix of ceramics or carbon,

e Hybrid composites — containing combined or layered matrices of different
types.

Dispersion-Strengthened (Particulate) Composites

Dispersion-strengthened composites contain dispersed particles of high-
melting compounds such as oxides, nitrides, borides, and carbides (e.g.,

AlL O3, SiO,, BN, SiC). These fillers offer high modulus of elasticity, low
density, chemical inertness, and in the case of aluminium and silicon oxides,
cost-effectiveness and abundance.

Manufacturing Methods:
e Powder metallurgy is the primary method.

e Alternative methods involve introducing fillers into a molten metal or alloy
immediately before casting, often combined with ultrasonic treatment to
remove impurities, improve wettability between particles and matrix and
ensure uniform particle distribution

Mechanical Behaviour:

e The matrix primarily bears external loads, while the dispersed particles
impede dislocation movement, enhancing strength.

e Particles can also promote non-equiaxed (fibrous) grain structures, further
strengthening the material.

o Strength depends on concentration of the reinforcing phase, uniformity of
distribution and the article size and spacing. 277
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e Orowan equation: = Gb/

where G is the shear modulus, b is the interatomic spacing, and is the
spacing between particles.

Optimal Parameters:

e Particle size: 0.01-0.1 ym

e Inter-particle spacing: 0.05-0.5 pym

o Properties are isotropic, an advantage over fibrous composites.
Examples:

e Aluminium-based: Sintered aluminium powders (SAP) contain Al and
Al,O3. Powder processing includes briquetting, sintering, and pressing.
Oxide layers on flakes (0.01-0.1 ym thick) enhance strength, heat
resistance, and ductility control.

e Nickel-based: Ni or Ni-Cr matrices reinforced with oxides (e.g., ThO,,
HfO,). Optimal strengthening occurs at 3.5-4% HfO,.

Applications: High-temperature components (300-500°C), e.g., piston rods,
turbine blades, capacitors, chemical equipment elements.

Fibrous Composites

e Reinforced by fibres or filamentary crystals of metals (Mo, W, Be), oxides,
carbides, nitrides, or carbon.

o Fibre types: continuous or discrete, diameters from sub-micrometre to
hundreds of micrometres.

e Carbon fibres: strength depends on heat-treatment temperature and
defects; withstand 2200°C in inert/reducing atmosphere. Features: high
thermal/electrical conductivity, corrosion resistance, low thermal
expansion; drawback: poor wettability, improved by coatings (TiB,, ZrB,).

e Ceramic fibres: high hardness, stiffness, thermal stability; whiskers (small
fibres) show extremely high strength due to low dislocation density.

e Glass fibres: high strength (3-5 GPa), thermal stability, dielectric
properties, low thermal conductivity, corrosion resistance; produced as
continuous (3—100 ym dia., up to 20 km) or staple fibres (0.01-0.5 mm
dia.). Cross-sectional shaping improves packing, stiffness, and density.

Non-Metallic Matrices:

o Advantages: lightweight, good workability, corrosion resistance, damping,
antifriction properties.

e Drawbacks: low fibre—matrix bonding, strength drop above 100-200°C,
poor electrical conductivity, cannot be welded.

e« Common matrices: epoxy, phenol-formaldehyde, polyamide
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e  Common fibres: carbon, boron, glass, organic (lavsan, kapron, nitron,
aromatic polyamides)

e Methods to improve matrix stiffness: incorporation of metal ions (e.g., 15%
Ba or 7.6% Ni increases modulus by 25-50%).

Fibre-Specific Properties:

e Carbon-fibre composites: low thermal/electrical conductivity, moderate
thermal conductivity.

o Boron-fibre composites: high tensile, compressive, shear strength;
properties influenced by fibre geometry.

e Organic-fibre composites: high impact strength, low compression
stiffness; matrix and fibres are chemically similar with strong bonding.

Metallic-Matrix Composites

o Higher strength, stiffness, plasticity, fracture toughness, and temperature
resistance than non-metallic composites.

e Retain high strength at elevated temperatures; moisture-resistant, non-
combustible, electrically conductive.

e  Common matrices: Al, Mg, Ti alloys, Ni-based alloys
Examples:

e Aluminium-matrix: reinforced with steel wire, boron, or carbon fibres.
Carbon-fibre composites are lighter and cheaper than boron-fibre but
involve technological challenges (coating needed to prevent reaction with
matrix).

e Magnesium-matrix: lower density (1800-2200 kg/m3), high specific
strength, reinforced with boron or carbon fibres.

o Titanium-matrix: challenges due to high reactivity at elevated
temperatures; reinforced with high-melting fibres (Mo, W, Al,O3, SiC).
Reinforcement improves elastic modulus and working temperature, rather
than specific strength.

13.2.2 Formation of Composites

Organic Matrix Composites

Polymer Matrix Composites (PMC)/Carbon Matrix Composites or
CarbonCarbon Composites Polymers are very much suitable as materials as
they can be processed easily. They are lightweight and have mechanical
properties which are desired at. In aeronautical applications high temperature
resins are used extensively. Two main kinds of polymers are thermosets and
thermoplastics. After they are cured the thermosets behave like well-bonded
three-dimensional molecular structure. They decompose instead of melting on
hardening.

Resins and thermoplastics are versatile materials used in the production of
composites. Thermosets, a type of thermoplastic, are flexible and can be 279
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retained in partially cured conditions, making them ideal for advanced fibre
reinforced composites. These resins have a one- or two-dimensional
molecular structure and can be molded using conventional compress
techniques. They are increasingly used in composites to improve base
properties and extract functional advantages, such as replacing metals in die-
casting processes. Thermosets can alter their creepover temperature,
increasing failure load and creep resistance.

Ceramic Matrix Materials (CMM)

Ceramics are solid materials with strong ionic bonding, high melting points,
and high compressive strength, making them ideal for high-temperature
applications. However, their high modulus of elasticity and low tensile strain
make it difficult to add reinforcements for strength improvement. This results
in composite failures unless the fibre volume is high enough. To address this,
reinforcement with high modulus of elasticity is being used, and pre-stressing
of the fibre in the ceramic matrix is being increasingly used. Ceramics with
higher thermal expansion coefficients may result in composites with lower
tensile strength.

Fibre Reinforced Composites are composed of fibres embedded in matrix
material. Such a composite is considered to be a discontinuous fibre or short
fibre composite if its properties vary with fibre length. On the other hand, when
the length of the fibre is such that any further increase in length does not
further increase, the elastic modulus of the composite, the composite is
considered to be continuous fibre reinforced. Fibres are small in diameter and
when pushed axially, they bend easily although they have very good tensile
properties. These fibres must be supported to keep individual fibres from
bending and buckling.

Laminar Composites are composed of layers of materials held together by
matrix. Sandwich structures fall under this category.

Particulate Composites are composed of particles distributed or embedded in
a matrix body. The particles may be flakes or in powder form. Concrete and
wood particle boards are examples of this category.

Thus in this section we have studied about classification and formation of
composites. Before moving to the next section try out the following SAQ.

What are the different types of classifications of composites? Explain in
details.

13.3 APPLICATIONS OF COMPOSITES

CMCs (Carbon Matrix Composites), a subgroup of composites and ceramics,
combine the characteristics of ceramics with fibres for improved performance
and durability in harsh environments. They are lightweight, resistant to high
temperatures and corrosion, and ideal for applications with rigorous
mechanical and thermal requirements. LCMCs, developed for lightweight
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materials in aerospace, automotive, and energy, offer superior performance in
weight reduction and fuel efficiency. Their low density, exceptional thermal
stability, and strong wear-resistance make them suitable for parts requiring
extreme heat.

Composites using ceramic fibres and a ceramic matrix are joined to create
CMCs, a type of advanced material. The three main parts of CMCs are the
matrix material, the reinforcing material, and the interphase material. Every
component is essential to defining the properties and functionality of the
composites.

Composition of CMCs Matrix Material: In CMCs, the matrix material is often a
ceramic compound that provides structural integrity and protects the
reinforcement material. Matrix materials commonly used in lightweight CMCs
include aluminum oxide (alumina), aluminosilicate (mullite), zirconium oxide
(zirconia), and yttria-stabilized zirconia (YSZ), which are examples of oxide
matrix material. Carbon matrix (C), SiC, silicon nitride (SizN,4), zirconium
carbide (ZrC), boron nitride (BN), and aluminum nitride (AIN) are some non-
oxide matrix materials that are commonly employed.

The strength and stiffness of LCMCs are provided by the reinforcing material.
These materials frequently take the shape of fibres, whiskers, or particles;
typical reinforcing materials utilized in LCMCs include the following:

e  Continuous fibres: SiC fibres and carbon fibres are frequently used as
continuous reinforcements.

e Discontinuous fibres: Short fibres or whiskers, such SiC whiskers, are
used as discontinuous reinforcements.

e Particles: Ceramic particles that are nano- or micron-sized, such SiC or
alumina particles, can be used as reinforcement. Material for Interfaces
The interphase material in CMCs connects the reinforcement and matrix,
improving interface adhesion and efficiently transmitting stress. It helps
prevent interface fractures from starting and spreading.

The fibre—matrix interface has to have an energy-efficient crack progression
region in order for matrix cracks to deflect there and offer stress tolerance. It
has been demonstrated that CMCs, namely SiC fibre/SiC matrix composites
with either carbon (C) or BN interphases, exhibit remarkable properties.

CMC classification: There are several types of CMC; the phases fibre and
matrix (separated by a slash) are commonly used in the categorization. For
example, C/SiC is a CMC made up of C fibres and a SiC matrix. For CMC,
oxide fibres are composed of silica, mullite, or alumina, whereas non-oxide
fibres are often comprised of SiC or C. The majority of non-oxide matrices are
composed of C, SiC, and silicon mixtures. Oxide matrices are composed of
alumina, zirconium, mullite, and other aluminosilicates. Oxide fibres and oxide
matrices, as well as non-oxide fibres and non-oxide matrices, are frequently
paired. As seen in Fig. 13.3, CMCs may be divided into oxide-CMC and non-

oxide CMC categories according on the kind of CMC matrix. 281
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Fig.13.3: Classification of CMCs based on the nature of the matrix.

Oxide Ceramic Matrix Composites

Ceramic fibres and ceramic matrices—more especially, an oxide matrix—are
combined in oxide ceramic matrix composites (O-CMC). O-CMC combines
high temperature and mechanical properties to enable a wide range of
applications with demanding thermal and mechanical requirements.

Ceramic fibres and ceramic matrices—more especially, an oxide matrix—are
combined in oxide ceramic matrix composites (O-CMC). O-CMC's combination
of high-temperature stability, low density, high strength, and outstanding
corrosion resistance makes it possible for a variety of applications with
demanding mechanical and thermal requirements. Inorganic oxide compounds
of metallic or metalloid elements containing oxygen, such as alumina, beryllia,
ceria, and zirconia, are known as O-CMCs. Moreover, O-CMCs may only be
used in situations where the maximum temperature is 1200°C. This limitation
is explained by the oxide reinforcing fibres' deteriorating mechanical
performance, which lowers the composite's tensile strength values.

As shown in Fig. 13.4, O-CMCs material has various categories.

Oxide CMCs
Base matrix material | |
Alumina Aluminosilicae
Filler/reinforcement | Boron carbide | | Silicon nitride|| Titanium carbide| | Titanium dioxide Alumina Mullite

Fig.13.4: O-CMC material categories.
Non-Oxide Ceramic Matrix Composites

Non-oxide CMC materials have drawn a lot of research interest because of

their superior mechanical and thermal characteristics. They have a filler or

reinforcement (ceramic, metallic, plastic, polymer, etc.) and a non-oxide base

(CMC). Non-oxide CMCs are technical ceramics having covalent bonds, such

as non-conductive nitrides and conducting carbides. When they are exposed
282 to high temperatures, the non-oxide components are not very resistant to
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oxidation and corrosion. Non-oxide CMC combinations have different material
properties and need different production processes, which limits their use in
different industrial sectors. Non-oxide CMCs are the most popular option for
high-temperature applications.

Non oxide CMCs

Base matrix material | | | |

Silicon Titanium Tungesten
Carbon carbide carbide carbide
i Silicon Nickel Carbon Nickel Nickel/chrome
i i Metal
Filler/reinforcement Carbon Resin oo v | bonsied Carbon Nickel obhro

Fig.13.5: Non-oxide CMC material categories.
Applications of CMCs

Aerospace Industry: CMCs are used in advanced aerospace applications
such as hypersonic flight vehicles, thermal protection systems in spacecraft,
and turbine engine components. Despite extremes in temperature, pressure,
and other environmental conditions like moisture, these structural CMCs retain
their exceptional long-term mechanical characteristics. For advanced friction
systems in aerospace applications, C/C-SiC composites show better
tribological properties, reduced densities, and increased damage tolerance.
The use of CMCs in rocket engine thrust chamber components is being
accelerated by a number of engine manufacturers and research institutions.

Automobile Industry: Crucial qualities related to the automotive industry,
such as exceptional strength, high wear resistance, low CTE, refractoriness,
self-lubricating properties, superior insulation, energy storage, and high heat
conductivity, must be present in CMC products.

Defence Industry: Apart from aerospace and automobiles, armour
components are also included in defense industry applications. Some
examples of CMCs in this case may be tank power trains, enhanced armour,
propeller systems, ground-based support vehicles, elements of fuel injectors,
weapons for armed forces, combat aircraft, submarine shaft seals, and tear-
resistant accurate bearings.

Chemical and Biomedical Industries: Strong levels of biocompatibility, solid
strength, outstanding fracture toughness, substantial catalytic adsorption,
strong resistance to chemical attack, and corrosion durability are all necessary
for CMCs used in biomedical, biological, and chemical applications. Heat
exchange systems, reformers, recuperators, refractory materials, nozzles,
artificially made teeth, bones, and joints, cardiovascular valves, catalysts, and
igniters are some of the CMC components utilized in the chemical and
biomedical sectors.

CMC'’s have thermal and chemical stability and mechanical qualities, so they
are appropriate for high-temperature applications.

Applications of Metallic matrix composites: 283
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e Power engineering: turbine blades, nozzles

e Automotive: car bodies, engine elements

e  Machine-building: housings, machine elements

e Chemical technology: autoclaves, vessels

e  Shipbuilding: hulls, propellers

o Electrical/insulating uses: glass-fibre composites for insulation and radio-
transparent structures, carbon-fibre composites for sliding-contact
bearings

Thus in this section we have discussed about the applications of composites.

Before moving to summary please try out the following SAQ.

What are CMCs and LCMCs with regards to ceramics and composites?

13.4 SUMMARY

In this unit, you have studied about composites and their applications. Firstly,

you have studied about the classification of composites, followed by the

formation of composites. Lastly you have studied about their applications. In

this way, in this unit, you have studied all about composites. In the next unit,

you will be studying about nanomaterials.

13.5 TERMINAL QUESTIONS

1. What are the three main classifications of composites based on the matrix
material?

2. Explain the classification of composites with respect to reinforcement.

3. Why composites cannot be made from constituents with highly divergent
thermal expansion characteristics?

4. Compare Metallic Matrix Composites (MMCs) and Non-Metallic Matrix
Composites in terms of properties and applications.

5. Explain the applications of composites in aerospace and biomedical fields.

13.6 ANSWERS

Self Assessment Questions

1. The classification of composite materials is done in two distinct levels.
Firstly, it is done with respect to the matrix constituent and the classes
are: Organic Matrix Composites (OMCs), Metal Matrix Composites
(MMCs) and Ceramic Matrix Composites (CMCs).
The term organic matrix: Polymer Matrix Composites (PMCs) and carbon

284 matrix composites commonly referred to as carboncarbon composites.
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Secondly, it may be classified with respect to the reinforcement form
which are: fibre reinforced composites, laminar composites and particulate
composites. Fibre Reinforced composites (FRP) can be further divided
into those containing discontinuous or continuous fibres.

CMCs, a subgroup of composites and ceramics, combine the
characteristics of ceramics with fibres for improved performance and
durability in harsh environments. They are lightweight, resistant to high
temperatures and corrosion, and ideal for applications with rigorous
mechanical and thermal requirements. LCMCs, developed for lightweight
materials in aerospace, automotive, and energy, offer superior
performance in weight reduction and fuel efficiency. Their low density,
exceptional thermal stability, and strong wear-resistance make them
suitable for parts requiring extreme heat.

Terminal Questions

1.

(i) Organic Matrix Composites (OMCs) — include Polymer Matrix
Composites (PMCs) and Carbon—Carbon composites.

(i) Metal Matrix Composites (MMCs) — matrix of metals or alloys.
(iii) Ceramic Matrix Composites (CMCs) — matrix of ceramics or carbon
Composites may be classified based on reinforcement as:

o Particle Reinforcement — dispersed particles transfer load from the
softer matrix, improving wear resistance and hardness.

e Fibrous Reinforcement — high aspect ratio fibres (continuous or
discontinuous) carry most of the load, providing high strength and
stiffness in the fibre direction.

e Laminar (Layered) Reinforcement — built in layers (laminates) with
different fibre orientations, improving strength, impact resistance, and
fatigue resistance

Because mismatched thermal expansion coefficients lead to internal
stresses at interfaces, causing cracks, delamination, or failure of the
composite under thermal cycling.

e MMCs: High strength, stiffness, toughness, and temperature
resistance; electrically conductive and moisture-resistant.
Applications include turbine blades, automotive engine parts, and
ship hulls

o Non-Metallic Matrices: Lightweight, corrosion-resistant, and easy to
work with but limited by low bonding and poor conductivity. Examples
include epoxy- or polyamide-based composites.

Aerospace:

e Used in aircraft structures, turbine blades, satellite components, and
space shuttle tiles. 285
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e Provide weight reduction, high strength, and resistance to high
temperature and fatigue.

Biomedical:

o Artificial joints, dental composites, bone plates, and cardiovascular
implants.

e Chosen for their biocompatibility, wear resistance, and strength.

Overall Significance: Composites enhance performance, durability, and
safety in both fields while reducing weight and increasing reliability
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