
ISSUES TO ADDRESS...

Å  Structures of ceramic materials:
How do they differ from that of metals?

Å  Point defects:
How are they different from those in metals?

Å  Impurities:
How are they accommodated in the lattice and how

do they affect properties?

Å  Mechanical Properties:
What special provisions/tests are made for ceramic materials?

CERAMICS: Chapters12&13

ÅDefinitions and Classification



CERAMICS: DEFINTIONS (1)

ÅThe word "ceramics" comes from the Greek word "Keramos" 
meaning "Pottery," "Potter's Clay," or "a Potter." This Greek word 
is related to an old Sanskrit root meaning "to burn" but was 
primarily used to mean "burnt stuff."

ÅCeramics are defined as products made from inorganic materials 
having non-metallic properties, usually processed at a high 
temperature at some time during their manufacture.



Glass-Ceramics

Quartz tubing is

fabricated from beach sand

The lamp applications are 

shown in the GE product montage

Ceramics Crystals:

atoms have long 

range periodic order

Glasses (non-crystalline):

atoms have short range 

order only (amorphous)

Highly thermal resistive

ceramics

Low temperature

(the ice cube)

High temperature

(the torch flame)



CERAMICS

A ceramic turbine in the millimeter range for 

micro-electromechanical systems, termed MEMS A prototype ceramic engine 

Common ceramic materials with characteristic

resistance to damage at high temperature and 

corrosive environments



CERAMICS: DEFINTIONS (2)

Å The technical definitionof ceramics involves a much greater variety
of products than is normally realized. To most people, 

the word ceramics means dinnerware, figurines, vases, and other 
objects of ceramic art.The majority of ceramic products not generally 
recognized. 

Examplesare bathtubs, washbowls, sinks, electrical insulating devices, 
water and sewerage pipes, bricks, hollow tile, glazed building tile, 
floor and wall tile, earthenware, porcelain enamel and glass.

Å Ceramic products have a number of outstanding properties which 
determine their usefulness. One of the most unusual of these is their 
great durability. This durability can be divided into three types: 
chemical, mechanical and thermal.



CERAMICS: PROPERTIES (1)
ÅChemical Durability

- The high chemical durability of the great majority of ceramic 
products makes them resistant to almost all acids, alkalis, and 
organic solvents. 

- Of further importance is the fact that ceramic materials are not 
affected by oxygen. The materials generally contained in the 
ceramic products have already combined with all of the oxygen 
for which they have an affinity, and therefore, are not affected 
further by the presence of oxygen in their environment.



CERAMICS: PROPERTIES (2)

Å Mechanical Durability

The mechanical durability of ceramics is evidenced by their 

strength and hardness. The compressive strengths of 

ceramic materials are extremely high, normally 50,000 to 

100,000 lbs/sq. in. The hardness makes ceramic materials 

very resistant to abrasion. 

It is this property which makes them useful for floors, and 

for the grinding of metals and other materials.



CERAMICS: PROPERTIES (3)

Å Thermal Durability

Most ceramics have the ability to withstand high 

temperatures. This is why they are useful in the production 

of all types of heat-containing equipment such as kilns for 

the ceramic industry, and such products as the inner 

linings of fireplaces and home heating furnaces.



CLASSIFICATION

ÅTechnical Ceramics can also be classified into three distinct 

material categories:

Oxides-based: Silicate and nonsilicate oxide ceramics (alumina,       

zirconia, etc)

Non-oxides: Carbides, borides, nitrides, silicides

Composites: Particulate reinforced, combinations of oxides/non-

oxides.



Oxide Ceramics

Properties:  

- oxidation resistant, 

- chemically inert, 

- electrically insulating 

- generally low thermal conductivity, 

Notes: 

- relatively simple manufacturing and low cost for Al2O3

- more complex manufacturing and higher cost for ZrO2



Non-Oxide Ceramics

Properties: 

- Low oxidation resistance, 

- Extreme hardness, 

- Chemically inert, 

- High thermal conductivity, 

- May be electrically conducting, 

Notes: difficult energy dependent manufacturing 

and high cost (TiC, ZrN, B4C, BN, Si3N4, SiCetc).



Ceramic-Based Composites

Properties:

- Toughness, 

- Low and high oxidation resistance (type related),

- Variable thermal and electrical conductivity, 

Notes: complex manufacturing processes high cost



EXAMPLES

Some Silicate Ceramics

Some Nonsilicate Oxide Ceramics Some Nonoxide Ceramics

The Bodyôs Ceramic

Hydroxyapatite (HA)

Ca10(HPO4)6(OH)2
is the primary mineral

content of bone



Electropositive elements:

Readily give up electrons

to become + ions.

Electronegative elements:

Readily acquire electrons

to become - ions.

He

Ne

Ar

Kr

Xe

Rn

FLi Be

Metal

Nonmetal

Intermediate

H

Na Cl
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O
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Ba
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Å  Bonding:

- Mostly ionic, some covalent.

- % ionic character increases with difference in electronegativity.

CERAMIC BONDING

Ceramic % Ionic

Character

CaF2

MgO

NaCl

Al2O3

SiO2

Si3N4

ZnS

SiC

89

73

67

63

51

30

18

12

CaF2

(89%)
SiC

(12%)



Å  Charge Neutrality:
- Net charge in the

structure should be zero.

AmXp m, p determined by charge neutrality

Å  Stable crystal structures:  maximizethe # of nearest oppositely 

charged neighbors, when all anions are in contactwith that cation, i.e. special 

relations between cation (rC) and anion (rA) radius should hold.

CaF2 : Ca2+

cation

F-

F-

anions+

IONIC BONDING & STRUCTURE

ÅGeneral form:



COORDINATION NUMBER
ÅThe coordination numberis a number of anions nearest neighbors for a cation.

ÅCoordination number increases with increasing rC/rA ratio

AX ïtype 

compounds  

(p=m=1)



Å  On the basis of ionic radii, what crystal structure

would you predict for FeO? 

Cation    

Al3+  

Fe2+  

Fe3+  

Ca2+  

  

Anion  

O2-  

Cl-    

F- 

Å  Answer:

rcation

ranion
=

0.077

0.140
=0.550

based on this ratio:

-coord # = 6

-structure = NaCl-type

Example:  Prediction Structure of FeO



Ceramic Density Computation



Å  Impurities must also satisfy charge balance

Å  Ex:  NaCl

Å  Substitutional cation impurity

Å  Substitutional anion impurity

initial geometry Ca2+ impurity resulting geometry

Ca2+

Na+

Na+

Ca2+

cation 
vacancy

initial geometry O2- impurity

O2-

Cl-

anion vacancy

Cl-

resulting geometry

IMPURITIES IN CERAMICS



SILICATE CERAMICS



SILICATE CERAMICS
Å Silicates ïmaterials involved primarily silicon and oxygen

Silicon-oxygen

tetrahedron Example: Silica (SiO2)

Basic unit of the silicatesThe relative amount of

elements in the earthôs crust

O2-

Si4+



Å  Quartz is crystalline

SiO2: 

Å  Basic Unit: 

Si04 tetrahedron
4-

Si4+

O2-

Å  Glass is amorphous

Å  Amorphous structure
occurs by adding impurities

(Na+,Mg2+,Ca2+, Al3+)

Å  Impurities:
interfere with formation of

crystalline structure.

(soda glass)

GLASS STRUCTURE



Å  Specific volume (1/r) vs Temperature (T): 

Å  Glasses: 
--do not crystallize

--spec. vol. varies smoothly with T

--Glass transition temp, Tg

Å  Crystalline materials: 
--crystallize at melting temp, Tm

--have abrupt change in spec.

vol. at Tm

Å  Viscosity: 
--relates shear stress &

velocity gradient:

--has units of (Pa-s)
  
t=h

dv

dy

GLASS PROPERTIES



Å  Viscosity decreases with T

Å  Impurities lower Tdeform

GLASS VISCOSITY VS TEMPERATURE
Important temperatures in glasses are

defined in terms of  viscosity

Å Melting point : viscosity <102 P-s, 

above this temperature glass is liquid

Å Working point : viscosity ~ 103 P-s, 

glass is easily deformed

Å Softening point: viscosity = 6x106 P-s,

maximum T at which a glass piece   

maintains shape for a long time

Å Annealing point: viscosity = 1012 P-s, 

relax internal stresses (diffusion)

Å Strain point: viscosity = 5x1013 P-s,

above this viscosity, fracture occurs 

before plastic deformation

Glass forming operations - between 

softening and working points



Viscosity-Temperature Characteristics

Important temperatures in glasses are defined in terms of  viscosity

Å Melting point : viscosity = 100 P, above this temperature glass is liquid

Å Working point : viscosity = 104 P, glass is easily deformed

Å Softening point: viscosity = 4x107 P, maximum T at which a glass piece   

maintains shape for a long time

Å Annealing point: viscosity = 1013 P, relax internal stresses (diffusion)

Å Strain point : viscosity = 3x1014 P, above this viscosity, fracture occurs 

before plastic deformation

Glass forming operations - between softening and working points

and working points



To Remember

The glass transition temperature is, for a noncrystalline ceramic, 

that temperature at which there is a change of slope for the specific  

volume versus temperature curve .

The melting temperature is, for a crystalline material, that temperature

at which there is a sudden and discontinuous decrease in the specific

volume versus temperature curve.



MECHANICAL PROPERTIRES



MECHANICAL PROPERTIRES:

Brittle Fracture

Å In ions solids because ions of like charge have to be brought into close 

proximity of each other forming large barrier for dislocation motion, the slip 

(dislocation motion) is very difficult. Similarly, in ceramics with covalent bonding 

slip is not easy (covalent bonds are strong). 

Å Thus at room temperature ceramics fracture before any plastic deformation occur ï

brittle fracture

Å The mechanism of brittle structure involves the formation and propagation of cracks

Å The measure of a ceramicôs ability to resist fracture when a crack is present is a fracture 

toughness. 

Å For example a plane strain fracture toughness equals:  

K ic=Ys(pa)0.5

Y -dimensionless parameter, which depends on sample geometry; a -crackôs half length. 

ÅNon-crystalline ceramics: there is no regular crystalline structure, thus no dislocations. 

Materials deform by viscous flow, i.e. by breaking and reforming atomic bonds, allowing 

ions/atoms to slide past each other (like in a liquid). 

ÅViscosityis a measure of glassy materialôs resistance to deformation.



Weibull Modulus
Å It appears that for brittle materials (e.g. ceramics) the maximum stress that they can 

withstand, varies unpredictably from specimen to specimen even under identical 

testing conditions

Å Thus the strength of brittle material is not well define value and has to be described 

with  respect to fracture statistics

ÅA Weibull distribution of strength with a flexible two-

parameter analytic formula has been found to describe 

a brittle body fracture. The probability (P) of failure 

for a brittle material is given by:

P(s) = 1-exp(-[s/so]
m)

wheres-a failure strength, so - a scaling constant and 

m is a the Weibull modulus that is a measure of a 

degree of strength dispersion



Å  A three-point bend test to measure the flexural strength, sfs

Typical values for different ceramics

Material      sfs(MPa)      E(GPa)

Si nitride

Si carbide

Al oxide

glass (soda)

700-1000

550-860

275-550

69

300

430

390

69

MEASURING STRENGTH



Å  Ceramic materials have mostly covalent & some 
ionic bonding.

Å  Structures are based on:
--charge neutrality

--maximizing # of nearest oppositely charged neighbors.

Å  Structures may be predicted based on:

--ratio of the cation and anion radii.

Å  Defects

--must preserve charge neutrality

--have a concentration that varies exponentially w/T.

Å  Room T mechanical response is elastic, but fracture

brittle, with negligible ductility.

Å  Elevated T creep properties are generally superior to

those of metals (and polymers).

SUMMARY



Å  Properties:
--Tmelt for glass is moderate, but large for other ceramics.

--Small toughness, ductility; large moduli & creep resist.

Å  Applications:
--High T, wear resistant, novel uses from charge neutrality.

Å  Fabrication
--some glasses can be easily formed

--other ceramics can not be formed or cast.

TAXONOMY OF CERAMICS



Å  Need a material to use in high temperature furnaces.

Å  Consider  Silica (SiO2) - Alumina (Al2O3) system.

Å  Phase diagram shows:
mullite, alumina, and crystobalite (made up of SiO2)

tetrahedra as candidate refractories.

Composition (wt% alumina)

T(°C)

1400

1600

1800

2000

2200

20 40 60 80 1000

alumina  

+ 

mullite

mullite 

+ L

mullite
Liquid  

(L)

mullite  

+ crystobalite

crystobalite 

+ L

alumina + L

3Al 2O3-2SiO2

APPLICATION:  REFRACTORIES




