CERAMICS: Chapters12&13

ISSUES TO ADDRESS...

ADefinitions and Classification

A Structures of ceramic mat
How do they differ from that of metals?
A Point defects:
How are they different from those in metals?
A | mpurities:
How are they accommodated in the lattice and how
do they affect properties?

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



| CERAMICS: DEFINTIONS (1)

A The word "ceramics" comes from the Greek wdfdramos"
meaning "Pottery," "Potter's Clay," or "a Potter." This Greek wo
IS related to an old Sanskrit root meanitmBurn" but was
primarily used to mean "burnt stuff."

A Ceramicsare defined as products made from inorganic material
having normetallic properties, usually processed at a high
temperature at some time during their manufactire

loutrophoros



High temperature

GIaSS-Ceram | CS (the torch flame)

Low temperature
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CERAMICS

Ceramic rotors under commercial production
Materials: Sintered silicon nitride

Common ceramic materials with characteristic
resistance to damage at high temperature and
corrosive environments

A ceramic turbine in the millimeter range for
micro-electromechanical systems, termed MEMS A prototype ceramic engine



CERAMICS: DEFINTIONS (2)

A Thetechnical definitionof ceramics involves a mudteater variety
of products than is normally realized. To most people,

the word ceramics means dinnerware, figurines, vases, and other

objects of ceramic arf.he majority of ceramic products not generally
recognized.

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

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

Ceramic Art o e




CERAMICS: PROPERTIES (1)
A Chemical Durability

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

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




CERAMICS: PROPERTIES (2)

A Mechanical Durability

The mechanical durability of ceramics is evidenced by their
strength and hardnes¥he compressive strengths of
ceramic materials are extremely high, normally 50,000 to

100,000 Ibs/sq. in. The hardness makes ceramic materials
veryresistant to abrasion

It is this property which makes them useful for floors, and
for the grinding of metals and other materials.
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CERAMICS: PROPERTIES (3)

A Thermal Durability

Most ceramics have the ability vathstand high
temperaturesThis is why they are useful in the production
of all types of heatontaining equipment such as kilns for
the ceramic industry, and such products as the inner
linings of fireplaces and home heating furnaces.




CLASSIFICATION

A Technical Ceramics can also be classified fthtee distinct
materialcategories

Oxidesbased Silicate and nonsilicate oxide ceramics (alumina,
zirconia, etc)

Non-oxides Carbides, borides, nitrides, silicides

CompositesParticulate reinforced, combinations of oxides/mon
oxides.



Properties:
oxidation resistant,

- chemically inert,
- electrically insulating

generally low thermal conductivity,

Notes

- relatively simple manufacturing and low cost for®J

- more complex manufacturing and higher cost for ZrO
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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 costTiC, ZrN, B,C, BN, SgN,, SiC etc).




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

Composition (wt %)

Ceramic Si0O, ALO; K,0 MgO CaO Others
Silica refractory 96 4
Fireclay refractory  50-70 45-25 5
Mullite refractory 28 72 —
Electrical porcelain 61 32 6 1
Steatite porcelain 64 5 30 1
Portland cement 25 9 64 2

* These are approximate compositions, indicating primary components. Im-
purity levels can vary significantly from product to product.

Some Nonsilicate Oxide Ceramics

Primary composition

Common product names

AL O;
MgO

MgAlL O, (= MgO - Al,Os)
BeO

ThO,

U0,

71O, (stabilized® with CaO)
BaTiO,

NiFe, Oy

Alumina, alumina refractory
Magnesia, magnesia refractory,
magnesite refractory, periclase refractory
Spinel
Beryllia
Thoria
Uranium dioxide
Stabilized (or partially stabilized) zirconia
Barium titanate
Nickel ferrite
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The Bodyos
Hydroxyapatite (HA)
Cayo(HPQ,)¢(OH),
is the primary mineral
content of bone

Some Nonoxide Ceramics

Primary composition® Common product names

SiC Silicon carbide
SizNy Silicon nitride
TiC Titanium carbide
TaC Tantalum carbide
wC Tungsten carbide
B,C Boron carbide
BN Boron nitride

C Graphite

* Some products may have several weight percent ad-
ditions or impurities.



CERAMIC BONDING

A Bonding:

- Mostly ionic, some covalent.
- % ionic character increases with difference in electronegativity.

CaF,
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Electropositive elements:
Readily give up electrons
to become +ions.

Electronegative elements:

Readily acquire electrons

to become - ions.

Ceramic

% lonic
Character

Cak,
MgO
NaCl
Al O,
SiO,
SizN,
VAL
SiC

89
73
67
63
51
30
18
12




JIONIC BONDING & STRUCTURE
A Charge Neutrality: ‘ F-

- Net charge in the CaF . Ca2+ anions

structure should be zero. catlon ‘
F—

AGeneral form: AmXp m, p determined by charge neutrality

A Stable crystal structures: maximizethe # of nearest oppositely
charged neighbors, when all ani@rs in contactwith that cation, i.e. special
relations between cation-jrand anion ({) radius should hold.

unstable stable stable




COORDINATION NUMBER

AThecoordination numbeiis a number of anions nearest neighbors for a catior
ACoordination number increases wiiticreasing /r , ratio

AXT type
compounds
(p=m=1)
r -
cation Coord # : flnS d
Tonion (zincblende)
< .155 2
155-225 3 NaCl
(sodum
225-414 4 chloride)
414-7732 6
CsCl
(cesium
732-10 8 chloride)




A

On

t he

basi s

would you predict for FeO?

Cation Ionic radius (nm)

AlS*
Fe2t
Fe3*
Ca2*

Anion
02-
Cl-

-

0.053
0.077
0.069
0.100

0.140
0.181
0.133

Example: Prediction Structure of FeO

of l oni ¢ r adil
A Answer :
rcation — 0077 — 0550
I'anion 0.140

based on this ratio:
-coord #=06
-structure = NaCl-type



Ceramic Density Computation

Number of formula units within the unit cell

WS AT A
VCNA

Sum of the atomic weights of all anions in the formula unit

Example: density of Sodium Chloride

Formula is NaCl

n'=4 (because there arc 4 Na atoms and 4 Cl atoms
within a unit cell)

V. =a3=(2(0.102E-7)+2(0.181E-7))’=(0.566E-7)*

__ H229943545) 4

 (0.566E —7)*(6.023E23)




IMPURITIES IN CERAMICS

A Impurities must also satisfy charge balance

AEx: NaCl Na'@® c1-.
_ o _ cation
A Substitutional cation impurity #vacancy

0:0:0 > 000
@@ \» @@
000 - 0900

Ca?
initial geometry calt impurity resulting geometry

A Substitutional anion impurity |
anion\vacancy
o @@®
¢o oo

o o @e@e@

initial geometry 02- impurity resulting geometry




SILICATE CERAMICS



SILICATE CERAMICS

A Silicatesi materials involved primarily silicon and oxygen

The relative amount of Basic unit of the silicates ./Th 2
I

el ements i n the earthos c¢cr us|t
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GLASS STRUCTURE

A Basic Uni AR: G| amergholss
A- A Amor phous str
Si04 tetrahedron occurs by adding impurities
Gid+ (Na*t,Mg2*,Ca2+, AlIST)
.‘%«-—02' A I mpurities:
Interfere with formation of

crystalline structure.

A Quartz i s
SiO2:




GLASS PROPERTIES

A Specific volume (1/ Yvs Temperature (T):

specific volume A Crystalline materials:
Liquid --crystallize at melting temp, Tm
upercooled (disordered) --have abrupt change in spec.
Gl vol. at Tm
(morppioE ol e A Glasses:
| (i.e., (I)rdered) ksolid --do not Crystallize
Tg Tm T --spec. vol. varies smoothly with T
--Glass transition temp, Tgq
A Viscosity: q "
--relates shear stress & t = av y dv
velocity gradient: dy dy

--has units of (Pa'S) ¢ velocity gradient



Viscosity (Pa-s)

GLASS VISCOSITY VS TEMPERATURE

Temperature (°F)

Strain point

\ Annealing point

Softening point .

Viscosity (P)

Working point

Soda-lime glass ™

400 800
|
16|
- Borosilicate
—  glass
10M—
1082 —-————
1010 |—
1081—
108
—  Working range
104 — l
10°— ‘ ,
Melting point
1 5=
|
200 400

A Viscosity decreases with T
mpuri

A |

Temperature (°C)

t ddforh S

Important temperatures in glasses are
defined in terms of viscosity

AMelting point : viscosity <16 P-s,
above this temperature glass is liquid

AWorking point : viscosity ~ 18 P-s,
glass is easily deformed

ASoftening point viscosity = 6x106P-s,
maximum T at which a glass piece
maintains shape for a long time

AAnnealing point: viscosity = 162 P-s,
relax internal stresses (diffusion)

AStrain point: viscosity = 5x168 P-s,
above this viscosity, fracture occurs
before plastic deformation

rGlasls forming operations- between

softening and working points



Viscosity-Temperature Characteristics

Important temperatures in glasses are defined in terms of viscosity
AMelting point: viscosity = 100 P, above this temperature glass is liquid
AWorking point : viscosity = 18 P, glass is easily deformed

ASoftening point viscosity = 4x10P, maximum T at which a glass piece
maintains shape for a long time

AAnnealing point: viscosity = 183 P, relax internal stresses (diffusion)

AStrain point: viscosity = 3x16* P, above this viscosity, fracture occurs
before plastic deformation

Glass forming operationdetween 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
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MECHANICAL PROPERTIRES:
Brittle Fracture

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).

Thus at room temperature ceramics fracture before any plastic deformatioii occur
brittle fracture

The mechanism of brittle structure involves the formation and propagatwaakis

The measure of a ceramicos abi |l i fracturé o
toughness
For example a plane strain fracture toughness equals:

Kic:YS (aW'S

Y -dimensionless parameter, which depends on sample geomeatry;a c k 6 s h al

ANon-crystalline ceramics:there is no regular crystalline structure, thus no dislocations.
Materials deform byiscous flow i.e. by breaking and reforming atomic bonds, allowing
lons/atoms to slide past each other (like in a liquid).

Adiscosityi s a measure of glassy material 6s



A

Weibull Modulus

It appears that for brittle materials (e.g. ceramics) the maximum stress that they cal
withstand varies unpredictably from specimen to specimen even unidentical
testing conditions

Thus the strength of brittle material is not well define value and has to be describec
with respect tdracture statistics
Strength (psi)
200 300 400 500

An Weibull distribution of strength with a flexible two 0.14 | =
parameter analytic formula has been found to describe N
a brittle body fracture. The probability (P) of failure
for a brittle material is given by:

P(s) = L-exp(-[s/s ™)
wheres-a failure strengths , - a scaling constant and

m is a theWeibull modulus that is a measure of a 56
degree oftrength dispersion

0.12

0.10

0.08

0.06

Frequency of fracture

0.02

1.5 2.0 2.5 3.0 3.5
Strength (MPa)



MEASURING STRENGTH

A Athree-point bend test to measure the flexural strength, s,

Possible cross sections

F b
v
d Rectangular
/ 1\
\ .
Support OI Circular
L\ L L A -)IR‘:_—
2 \—>L/ 2
o = stress = MTC
where M = maximum bending moment
gdistange Tronreeierarspesimen Typical values for different ceramics
to outer fibers
I = moment of inertia of cross section .
A e————— Material Si{MPa) E(GPa)
Si nitride 700-1000 300
c I o . .
. Si carbide 550-860 430
Rectanglal T 2 T e Al oxide 275-550 390
Circular % R %ﬂ % gIaSS (SOda) 69 69



SUMMARY

A Ceramic materials have mo:
lonic bonding.
A Structures are based on:

--charge neutrality
--maximizing # of nearest oppositely charged neighbors.
A Structures may be predicted
--ratio of the cation and anion radii.
A Defect s
--must preserve charge neutrality
--have a concentration that varies exponentially w/T.

A Room T mechanical response |
brittle, with negligible ductility.
A El evated T creep properties

those of metals (and polymers).



TAXONOMY OF CERAMICS

Glasses Clay  Refractories Abrasives  Cements Advanced
produ(its ceralmics
-optical -whiteware  -bricks for  -sandpaper  -composites  engine
-composite  -bricks high T -cutting -structural -rotors
reinforce (furnaces) -polishing -valves
-containers/ -bearings
-houschold

-SCNSOrs

A Properties:
--Tmelt for glass is moderate, but large for other ceramics.
--Small toughness, ductility; large moduli & creep resist.
A Applications:
--High T, wear resistant, novel uses from charge neutrality.
Fabricati on

--some glasses can be easily formed
--other ceramics can not be formed or cast.



A
A
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APPLICATION: REFRACTORIES

Need

a

mat er i1 al t o

use

Consi der)-Alumina (AlzOa) syst&n. O
di agram shows:

mullite, alumina, and crystobalite (made up of SiO2)
tetrahedra as candidate refractories.

Phase

2200
T(°C)
2000}

1800
crystobalite

+L
1600

3Al203-2Si02

Liquid mulflite
(L) Mma + L

mullite
+ L

alumina
+

_ mullite
mullite

+ crystokl>alite

1400
0

20 40 60 80 100
Composition (wt% alumina)






