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Definition The word ceramic can be traced back to the 
Greek term keramos, meaning "a potter" or "pottery." 
Keramos in turn is related to an older Sanskrit root 
meaning "to burn " Thus the early Greeks used themeaning "to burn." Thus the early Greeks used the 
term to mean "burned stuff" or "burned earth" when 
referring to products obtained through the action ofreferring to products obtained through the action of 
fire upon earthy materials. Ceramics can be defined as 
inorganic, nonmetallic materials. They are typically 
crystalline in nature and are compounds formed 
between metallic and nonmetallic elements such as 
aluminum and oxygen (alumina Al O ) calcium andaluminum and oxygen (alumina-Al2O3), calcium and 
oxygen (calcia - CaO), and silicon and nitrogen 
(silicon nitride-Si3N4). 
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In general, most ceramics are: 

•hard, 
•wear-resistant, 
•brittle•brittle, 
•refractory, 
•thermal insulators, 
•electrical insulators•electrical insulators, 
•nonmagnetic, 
•oxidation resistant, 

h l h k d•prone to thermal shock, and 
•chemically stable. 

Of h i h li i lOf course there are many exceptions to these generalizations. For example, 
borosilicate glasses (glasses that contain silica and boron as major ingredients) 
and certain glass ceramics (glasses that contain a crystalline phase) and NZP 

i i t t t th l h k d d i li ti hceramics are very resistant to thermal shock and are used in applications such as 
ovenware, stove tops and kiln furniture respectively. Also, some ceramics are 
excellent electrical conductors and an entire commercial market is based on the 
fact that certain ceramics (ferrites) are magnetic
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fact that certain ceramics (ferrites) are magnetic. 

From Wikipedia, the free encyclopedia

Th d i i d i d f th G k d (k ik "h i tThe word ceramic is derived from the Greek word κεραμικος (keramikos, "having to 
do with pottery"). The term covers inorganic non-metallic materials whose formation 
is due to the action of heat. Up until the 1950s or so, the most important of these 
were the traditional clays made into pottery bricks tiles and the like along withwere the traditional clays, made into pottery, bricks, tiles and the like, along with 
cements and glass. The traditional crafts are described in the article on pottery. A 
composite material of ceramic and metal is known as cermet.

Historically, ceramic products have been hard, porous and brittle. The study of 
ceramics consists to a large extent of methods to mitigate these problems, andceramics consists to a large extent of methods to mitigate these problems, and 
accentuate the strengths of the materials, as well as to offer up unusual uses for these 
materials.
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Tilley: 
Ceramics: Inorganic materials fabricated by a high temperature chemical reaction.

Many oxides, but also silicides, nitrides, oxynitrides, hydrides..

•Traditional ceramics: includes essentially silicates. 
•Construction materials, bricks, pipes
•“Earthware”, terracotta, pottery, porcelain, 

•Engineering ceramics:
R f i hi h i•Refractories, high temperature ceramics

•Hardness and wear resistance: hard surface coating (TiN, WC, diamond(?))
•High temperature: valves, cylinder lining, fire blankets, furnace lining

El t i I l t i d t t lli d t i i•Electroceramics: Insulators, semiconductors, metallic, superconductors, ionic 
conductors, ferro-, antiferro-, ferri-, para-magnetic, piezo-, pyro-, ferro-electric, 
multiferroics….

•Sensors batteries fuel cells magnets•Sensors, batteries, fuel cells, magnets…
•Optoceramics?
•Advanced ceramics?
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Ceramics: formation and synthesis.

Traditional: Solid state reactions, single or multiphase
Clays or a mixture of:
Clays, silica (flint…), feldspars (e.g. K2Al2Si6O16, Na2Al2Si6O16)Clays, silica (flint…), feldspars (e.g. K2Al2Si6O16, Na2Al2Si6O16)
Shaped (using water), dried, fired
Dehydration followed by dehydroxylation phase mixture, 
including glassesg g

shake-and-bake
Mix-press-heat-crush-press-heat-crush etc. ad infinitum
To form shaped objects: sintering as the last step.

Shrinkage makes it difficult

To control the final shape and size
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Solid state reactions

MgAl2O4

MgO Al2O3
g Al2O3

Solid state reactions are oftenSolid state reactions are often 
limited by diffusion.
Diffusion through the product is crucial

Enhance reaction rates:
•High temperature
•Short diffusion lengthsg

•Reduce particle size
•Use repeated milling-heating
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•Ensure intimate mixture (precursors)

Synthesis y

Precursor methods:
Carbonate, hydroxide, oxalate, glycinate, citrate…
Sol/gel
Organometallic/metalorganic
…

Self-propagating high temperature synthesis

Thin films / coatings

e g for cutting tools integrated circuits solar cells anti reflex optical filterse.g. for cutting-tools, integrated circuits, solar cells, anti reflex, optical filters…

Direct reaction: TiN on Ti
Physical methods: sputtering ablationPhysical methods: sputtering, ablation, 
Chemical methods: 

Vapour: Chemical Vapour Deposition (CVD), ALCVD…
Liquid: Spin coating, dip coating…
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Liquid: Spin coating, dip coating…



High temperature
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Sintering

Densification of a polycrystalline object close to, but 
below the melting point
(Molten phases may be present during the process.)

Shrinkage makes it difficult to prepare objects with a 
predefined shape and size.

If liquids are present they should be in minor amounts
The vitrification range is the temperature interval 
between liquid formation and “slumping” due to 
excess liquid. Should be as large as possible to avoid 
large shape changes.
Phase diagrams
A i t tAre important.

Avoid eutectics
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Sintering
Low dihedral angle:

Surface properties:
Surface tension properties of crystals and liquids 
are important for sintering kinetics and slag 

k

Low dihedral angle:
Small amount of grain-grain contact
Large amount of liquid penetration 
between grains

attack.

Small grains: fast sintering (high surface area)

g
Rapid grain growth, large crystals
Large dihedral angle:
Strong solid-solid contacts

dD/dt = k/D
D: grain diameter, k: rate constant

g
Good hot strength
Resists slag attack
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Why Snow Metamorphsim Occurs
•Crystalline solid close to its melting temperature•Crystalline solid close to its melting temperature 
•Thermodynamically unstable 
•large surface area to volume ratio 
•results in high surface free energy•results in high surface free energy 
•thermodynamic equilibrium occurs when surface to volume 
ratio is minimized, eg a sphere or rounded grain

Effects:
•avalanche stability 
•avalanche release 
•melt-water runoff 
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•radiant-energy penetration into the 
snowpack 
•release of solutes from the snowpack 



Slag attack

Attack of slag on a refractory liner. Needs wetting.g y g

Wetting occur if the surface tension of the liquid(-air) is greater than the interfacial 
tension between liquid and the refractory surface.

Slag often wet refractories, liquid metals most often do not.
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Lowering of the melting point of SiO2

Fluxing abilityFluxing ability4 mol% Al2O3: 1720 1595˚C
30 mol% CaO

Add lk li l i i l 800˚CAdd alkali: melting points close to 800˚C

Na2O – SiO2 phase diagram

Al2O3 – SiO2 phase diagram
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CaO – SiO2 phase diagram (fig. 11.8)



Iron and steel blast furnaces:

Resistance towards iron oxides is important… 
Silica bricks OK at oxidizing conditions

Under reducing conditions FeO-SiO2 forms low melting 
Fayalite, Fe2SiO4
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Ceramics, properties

Mechanical properties of ceramics are due to:
•BondingBonding
•Atomic defects
•Microstructure

Strong bonds. Covalent(ionic):
•Chemically inert
•High temperature stabilityg p y

Low thermal and electronic conductivity due to lack of free electrons

Brittle, non-deformable (high compression strength, low tensile strength): due to 
strong bonds, but mainly to microstructure. Dislocations do not move easily in the 
material.
Surface flaws are important
Pores inside material
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Alumina ceramic, fracture
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Refractories

Refractories are materials with high strength, mechanical stability and chemical 
inertness at temperatures of the order of 1400˚C.
Industrial use: iron and steel, glass cement…Industrial use: iron and steel, glass cement…
Most refractory materials consist of single or mixed high melting point oxides of 
elements such as silicon, aluminium, magnesium, calcium and zirconium. Non-
oxide refractories also exist and include materials such as carbides, nitrides and ,
borides. 
The actual composition of a refractory material is dependent on operating factors 
such as temperature, atmosphere and what materials it will be in contact with.

“Seger Cones”
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Refractories: Ionic and covalent bonds

Ionic bonded refractories must have high 
Covalently bonded:

g
lattice energy
Charge: 
MgO has higher lattice energy than NaCl

Strong bonds, three-dimensional network

Large bond strength (approaching 1)
Melting points 2800 and 800˚C Compounds with monovalent elements form 

too weak bonds, low melting AlCl3, mp 190˚C.

I t t i di t Multivalent elements with similar 
electronegativity

Interatomic distance, re:
MgO 2800˚C re = 2.12 Å
CaO 2580˚C re = 2.40 Å
SrO 2430˚C r = 2 56 Å

Melting points, ˚C.
SiC 2700 |HfN 3305
Si3N4 ~1900 HfC 3890

SrO 2430 C re = 2.56 Å
BaO 1923˚C re = 2.76 Å

Si3N4 1900 HfC 3890
BN ~3000 TaN 3360
B4C 2350 TaC 3880
NbB2 ~2900 ZrC 3540
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NbB2 2900 ZrC 3540

Refractories, products

Refractory materials on a large scale:
Silica
Fired fireclay
Chromia-magnesia
High alumina
Sili bid SiC

Silica bricks:
Q art ite ith 2 3% CaOSilicon carbide, SiC

Silicon nitride, Si3N4

Quartzite with 2-3% CaO
Volume change: 
α-β quartz phase transition, 573˚C
Melting ca 1700˚CMelting ca. 1700 C

Fireclay: usually found to contain 24-32 per cent Al2O3, 
50-60% SiO2 and LOI between 9 to 12%.

Kaolinite (China clay): Al2 [Si2O5] (OH)4  (Al2O3 · 2SiO2 · 2H2O)

By heating: mixture of mullite (3Al2O3•2SiO2, 60-63%Al2O3) and silica
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Melting point 1595-1800˚C



High alumina refractory bricks 85% Al2O3 (SiO2 “impurity”)

Refractories, products
High alumina refractory bricks, 85% Al2O3 (SiO2 impurity )

From diaspore (AlOOH) and bauxite (gibbsite (Al(OH)3), diaspore, boehmite (AlOOH))

Contains mainly corundum and mullite > 1840˚C
High purity alumina (>99.8%) 
(adding 0.2% MgO results in transparent products with no porosity…)( g g p p p y )

Basic magnesia and chromia-magnesia refractories used for metal extraction furnaces
(high slag resistance)

MgO, Melting point 2800˚C from:
Brucite (Mg(OH)2), Magnesite (MgCO3), dolomite (CaMg(CO3)2) 
(Dolomite results in hygroscopic materials due to Ca)

Active and dead-burned MgO:
A ti M O h d l il t M (OH)Active MgO hydrolyses easily to Mg(OH)2. 
Dead-burning: 1400-1700˚C.
May be sintered to transparent objects by using LiF as sintering aid.
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Refractories, products

Chrome-magnesia bricks:
Chrome, Chromia: Cr2O3. Mp 2275˚C
Chromium in spinel phase AB O A: Mg Fe(II) B:Chromium in spinel phase AB2O4, A: Mg, Fe(II), B: 
Cr, Al, Fe(III)

High temperature reactions:High temperature reactions: 
reaction with serpentine, 3MgO•2SiO2•2H2O
formation of spinels. 
Risk of Mg-SiO2 melt.Risk of Mg SiO2 melt. 
Add MgO: formation of refractory forsterite, 
Mg2SiO4. Mp 1890˚C
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Refractories, products

Zirconia, ZrO2. Mp 2700˚C

Phase transition: monoclinic-tetragonal
Density: 5.56     – 6.10 g/cm3.
9 percent contraction9 percent contraction
Stabilization of cubic zirconia (Ca, Mg, Y).

Zircon ZrSiO low thermal expansionZircon, ZrSiO4, low thermal expansion

Other refractories: nitrides, carbides;
Oxidation, high costOxidation, high cost
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Ceramic tiles for the Space Shuttle

Earlier Apollo missions:
Ablative technology: Heat shield melts vaporize or sublimateAblative technology: Heat shield melts, vaporize or sublimate. 
Pyrolysis create gasses, which carry away the heat
(low density glass filled with a resin)

1992:
26000 ceramic tiles

Made from amorphous SiO2 fibers 2-4my x 2mm
Cast from slurry, bonded using colloidal silica
Porous ceramic tiles. (90%voids)

Have to withstand:
Thermal shock (heating and cooling)
Cold soak
Extreme acoustic environment (165 decibels)
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