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506201 Introduction to Ceramic. Chapter 1; Physical Properties 1

UNA 1 Physical Properties

Introduction
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AW 1.1 Prototype sintered silicon nitride turbocharger rotors fabricated by injection molding. (210 Ref. 1 111 509)
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AN 1.2 Schematic of types of volumes in a ceramic body: A = Solid volume; B = Open pore volume; C = closed

uaneaaligluninedisag pore

pore volume. (210 Ref. 2 M1 106)
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unm =aA+c}
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B. Density IQ )

' o ' M 5 '
fie Anunuwiuiigasna 1Un Dessity (D) = - mazRstiy density Hvuamily gem’,

ke/m® 130 Ib/in’ Tedofiiinane density ¥83e13iiva100819 15U Atomic size, Atomic weight of
elements, Tightness of packing of atom in crystal structure uazﬂ?mm‘uaq porosity
Density IMa0¥1ia (31
1) Crystallographic density (,) fio Density ﬁﬁmmmn Atomic weight 118¥ Volume U84
unit cell ivi1 189 1403A X-ray diffraction
2) Bulk density (j0,) #9 density 7118310 Dry weight (W) + Bulk volume (V,)
_ W, _ Wyxp,
Vi W,=W
D, 1 density 714t lnniige Taoialugustudri density 1o Taolaiszyasly

P

Farududu density ¥iiala IauiugInily Bulk density

¥ .
3) True density H?ﬂ Theoretical density (P,) fin density YDITUNUNT Porosity 150 Vp =0
_W
P 7
=4 o 1 ' o o 1 1 :E’
381 Composite materials 111 density 1A INAAAIUVBIUARE component AIA08197D 111l
@20814 1 A ceramic composite material consists of 30 Volume % SiC whiskers in an A1,0,
matrix. Estimate the theoretical density if SiC has a crystallographic density (0, ) of 3.22 g/cm" and

Al O, has a crystallographic density of 3.95 g/cms. (A" Ref 1 %11 128)
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P, = (Volume fraction SiC)(0, SiC) + (Volume fraction A1,0,)( 0, AL0,)
(0.3)(3.22 g/em’) + (0.7)(3.95 g/em’)

0.966 + 2.765 = 3.731 g/em’

4) Apparent density (0,) Ao density laann Dry weight (W) = Apparent Volume (V,)
Wy _Wyxp,
¥, Wy~

&

Pa =

¥
5).Specific gravity AMUNITUNIZAD density YOI TARMEVNY density Vo1 19mngil 4 °C
density of material

Specific gravity = :
g density of water at 4°¢c

Taona 1y density voadaq luaunsdnaduly crystallographic ¥58 theoretical density
i 8 ol
11184970 density Y89 4 °C 1M1AD 1 AU Specific gravity ¥oe3aq laq fiduniny
9 i
density Y04 TaQ1 LATIBI91N Specific gravity 1uA LT ouTa lailiniae

6) % Theoretical density (%TD) ilusfild/S ooy density vosTaaiaulufivudy

L4
LY

o u‘j o3 1 1 1 [ " [~/ i
Theoretical density 99 3a91u ilumnuenlin uiwmsiaguuiianumunniuiug % vea

Theoretical density

%Theoritical density = Pi 100
P,

§129074 2 Theoretical density Y94 SiC + Al,O; Composite material = 3.731 glem' LAY SiC
i -
+ Al,O, Composite material MpToutuan1aluied tab ¥, = 3.65 g/r:rn3 IATUIN % theoretical
¥ 3
density 1182 % porosity YD1 Composite material NA5auULIN 1A 2 (AR Ref. 1 Wil1 128)

bulk density

%TD = 100
theoretical density
=355 1005 97:8% TD
3.731

% Porosity =100 - 97.8 = 2.2% Porosity

| 1 = 1
A15199 1.1 U@A9 Density U048 U152n0U Ceramic, Metal (1a€ Polymer 910A15 199213111

Ceramic ¥ density 4790731 Polymer Latioand) lane
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Table 1.1 Density of Ceramic, Metallic, and Organic Materials (310 Ref.1 %1111 132)

Reported density,”

X-ray density."

Material Composition g/em’ (Ib/in.") g/em? (Ib/in.")
Ceramic maierials
a-Alu.minum‘m‘cidc a-AlLO, 3.95 (0.14) 3987 (0.14)
-Alun)lnum nitride AIN 3.26 (0.12) —
Mullite ALSI,O,, 3.166 (0.11)
Boron c‘?rllalde B,C 2.51 (0.00) —
Boron- mtnde: BN 2.20 (0.08) —
B_erylhurr.! oxide BeO 3.010 (0.10)
B:‘mum titanate BaTiO; 5.80 (0.21) —
Dl:mm.ml C 3516 (0.13)
Gr::p!ule & 2.267 (0.08)
Flm_)rlle _ CaF, 379 (0011
Cerium oxide Ce0, 7.216 (0.33)
Ch_romium oxide Cr,0, 5.225 (1.19)
Spinel ) ‘ MgAlLQO, 3583 (0.13)
Iron alu_mumm spinel FeAlLQ), 4.265 (0.15)
Magnetite Felie ), 5.202 (0.1
Hafnium oxide o, 9.68 (0.35) 10,108 (0.36)
(}-Spqdqmene LiAlSi,Q, 2.379 (0.08)
Cordtcr!te ‘ Mg, AlLSi: Oy, 2.513 (0.0t)
Magnes‘mm oxide MgO 3.584 (0.13)
Forsterite Mg.Si0), 3204 (0.12)
Qt_:arlz. Si0), 2.648 (0.09)
Tridymite Si0, 2.192 (0.08)
Cristobalite Sio, 2.334 (0.08)
Silicon carbide SiC 3.17 (0.11) 3.2 (0.12)
“Silicon nitride SisN, 3.19(0.12) =
Titanium dioxide (rutile) TiO, 20015
Tungsten carbide wcC 15.70 (0.57) =
Zirconium oxide (monoclinic) Zr0, 5.56 (0.20) 5.827 (0.21)
Zircon ZrSi0, 4.669 (0.17)
Metals
Aluminum Al 2.7 (0.09) -
S Fe 7.875 (0.28)
Magnesium Mg 1.74 (0.06) _
1040 Steel Fe-base alloy 7.85 (0.28) —
Hastelloy X Ni-base alloy 8.23 (0.29) =
HS-25 (L605) Co-base alloy 9.13 (0.33) —
Brass 70 Cu-30 Zn 8.5 (0.30) =
Bionze 95 Cu-5 Sn 8.8 (0.31) —
Silver Ag 10.4 (0.37) 10.501 (0.38)
Tungsten W 19.4 (0.70) —
Plitinum Pt - A AR (0.77)
Organic materials
Polystyrene Styrene polymer 1.05 (0.03) -
Tellon Polytetrafluoroethylene 2.2 (0.08) —
Plexiglass Polymethyl methacrylate 1.2 (0.04) —

“Values reported from a variety of literature sources, but not specified whether bulk, crystallographice, or ulhcnnfisc.
"X-ray crystallographic values, mostly from R. Robie, P. Bethke, and K. Beurdsley, U.S. Geological Survey Bulletin 1248.
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=
UNN 2 Thermal Properties
I. Introduction
. A wa gl g = wa e = > =

Thermal properties f18 Qmﬁummuﬂmmau Lﬂuﬂmﬁumwmm PFUAV HIUDIETIUN
A a o [V = 9 a 1 o 4 1 Yt | A
iwasnnsiiniuiaahnuanuiouiige o619 1570 Thermal properties Jul laiud i3 oansnu

9 ' a 1 o i A - 1 do o w1 g

ANNIBUBE AL IIAUTZNBUAIY Properties DU Bnnatvat1ahdfmnene 15
A. Heat Capacity (c)

= = 1 T . =1 ar 9/ n:{ 9 Y q. = oo :3,

L3UNDNBYIN “Thermal capacity” ﬂ'EJWﬁN']Hﬂ’ll'll!‘i’E‘Juﬂﬂﬂﬁcl‘]faluﬂTiLWﬂJQmﬂﬂ“N’Jﬂﬂ‘Uu
1080 1 oeen Imiaoidlu cal /°C w3e Cal/g.°C 150 Btu/CF etc. 5 Thermal properties Ha1Y

FHUANINILSUNTUTUAY Heat capacity 18R Molar Specific Heat Capacity fi8 W&a1un 2o

v - {1
#0419 1um3 heat e1315zn0US I 1 mole I Tgamadiindnld 1 pemn uazSnmeuniisie

¥ ¢
Specific heat 11NBA heat capeity Y89 TAATELRY heat capacity Vosthfigaingd 15 °C ifipanin
. o - Qs u;: 2 =2 n 1 ] = : :J = o)
specific heat (1 ratio A91Y specific heat 99 13111128 L1ALILD2970 heat capacity UB3UIN 15 C =
. E
0.99976 Cal/g®C Failszanaumiiy 1 #a1iuA1ve9 Specific heat 39171 Heat capacity L§l Specific
heat laiHiwine
Vv
ANUDY heat capacity YBIIAATUAY
1) Vibration Ung Rotation energy U84 atom 11 material
2) WAI9TUN electron AD4 19 1UA1TA/AEY eneray level luTlnssadraunsozaol
w = ] 9
3) WH9UN pzAoudn 19 lunis
- Formation of lattice defect
- INA Order-disorder transition
- 1nA Magnetic orientation #50 Polymorphic transformation
N 1 a | a1 d d2 0 1 & 2%
Heat Capacity ¥04e Ul sznousiiina g sxlianiugudn o °K uazaoss iinau
={ (o) w o i ’ r yd? ar
1Wu 6 Cal/g.atm/~C A4NTNW 2.1 NNTINILINUI Heat capacity Taildvufu Crystal structure LI

Chemical composition U84 Ej’c‘fiﬁg

w

w O o~
I

i~

O =
1
B
— e
~
RS
- “
|

Heal capacily, cal/g atom/°C

—200--100 0 100 200 300 400 300 600 700 200 900 1000 1100 1200 1300 1400
Temperature, °C

AN 2.1 Comparison for several polycrystalline ceramics of the heat capacity versus temperature.

(310 Ref, 1 ¥111 136)
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'

' v
' = i = 3 1 = . =
9¢14'15AA1Y Heat capacity 1Agunin/adn1y porosity 110 na1afiosuauif porosity RRERT
" Y 1 g o 3 ° o u?' =2 L = 1 L a IZ et
Heat capacity HOUANTUNUAT porosity i1 A9 19198111015 heat imnnesieagnu IWni
: o oAy y? o1 ¥ a 7 P . e
porosity g4 1oan11M984 19 11Un15 heat nen 0951 IWiil porosity 1

B. Thermal Conductivity (k)

g s 1

[~ H H = o 2 - a =
flednsusinanusomndauni e Inuledy Calsec.cm’.C.cm Taghi Cal Av1/Su1al

Ll

amudou om® Aefufimihdafinnuieundeufiviu tag om qathofo szozmaianudouniond
W Auduszuy SI unit viiody wm. K

mwﬁ 22 L‘lcj‘u Thermal conductivity k) Temp VD9 material FHAR 2

Hlafeffinanonisderimnaueu (Heat Transfer) A0:

(1) USinavesndaun11u3eu (Amount of heat energy present) #492111/501 Volumetric
heat capacity (c) Y993 f

(2) w*msﬁﬁwmm%’amaﬁﬁa (Nature of heat carrier in material) UM A18FALYY electron,
phonon G&]f s01vezfienlany Quantized lattice vibration

(3) USurmawZeudinse e (Amount of dissipate heat) FIFUWUTHT mean free path (A)
130 attenuated distance VD4 lattice wave

LWSWQ:"SM Thermal conductivity (k) wlsatu 1) heat capacity (c) 2) mmﬁmaxa‘hmu

WIME(V) Lag 3) mean free path A

ks ol

Thermal conductivity (k) %Lﬁwﬁuﬁﬁ Heat capacity (c) Lﬁnﬁu; Iuazausves
carrier ( V) Lﬁuﬁu LS mean free path (7\,) n'?ini’?u (m5o Scattering ‘ff?)tlm)

Tanzdl free electron $119MNEIY carrier iiogv1nsiu lignda 13 luezney TuSundoud
1883z Fufulanzuignidaulngiuinnudouldaun edlsinudomTangamiy
alloy 9291117 mean free path AADY ﬁﬂ‘l.fu alloy 393 Themal conductivity G‘%Tﬂ’j”I pure metal 1% mild
steel 3 k = 51 W/m.’K mms‘ﬁ Pure copper 1 k =400 w/m."K

m3dszneu Organic i Thermal conductivity 6%’1 W31 bond N1 1AY covalent bond il
Tuanavuinlne) (large molecular size) uag hifianudundn a15152nou Polymer 1Az Rubber
Roumnwiladl k fgamgines =0.08 - 033 Wim K. odhelsfammanmsaiu k 1 polymer 1
1A conductive filler 134 lane W5e graphite

AmivasUsenoumsiiin Carrier Minudeu fe phonon 1A% radiation 91NN 2.2 9
1949181 Thermal conductivity ¥83eM5Us2navarsin vary luaendhanaife wsfnnawiad k
gawes) fulane udwsdnunadansuiim k §1me & polymer Lﬁ'aamwaéwam%'eamzuf‘m’h
aslsznoumsifinfiinnuienldunde wainilszneudsesnourdaiuamtediuesaoy
aeaviiafifiunaniiesnouil Atomic weight 1119 f (9 s (C). graphite (C), SiC, BeO ©50 B,C
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= = a o 5 ' ' 1
IW3H Thermal conductivity NRMMiines gedie 900 Wm."K #agani1 Cu 692 o1 dau
. A = 9/ 1 = < 1
Graphite (Ho3nN Insearseuuy layer structure AA12A® bond A8y layer LAU9LLTY L8 bond
T s =< as us: o
TEUIN layer NU layer (D1 weak Van der Waal bond @417 graphite Terhanudeuuy
anisotropic (luimhiunndiama) narfesuniaianudoulufiemeunudy layer 59 2000

1 E
wimn’K vz Mibinnudoulufisdanindy layer Saufios 10 Wimn'K

Ll T — e S TR B S |
= Platinum =
- Graphite -
41.9 =0
«t— Pure, dense BeQ :
-
«— Pure, dense MgO =)
Fireclay n §
o refractory %
= 4.2 : Clear, fused Pure, +0.01 S
S silica (e a
= ~ AlpOg =
= e | = =
2 Dense, stabilized ZrQ, <
= s
= 2800°F - &
= Polyethylene Insulating %
S / firebrick ]
S 42 b - 0001 €
5] — =)
= L 2000°F - 3
9 Za— Insulating S
o . firebrick - Q
lo - Polystyrene B 3
0.04 |- % Powdered MgO — 0.0001
— -_—
0.008 L ! | ! ! i) ] 1 I 0.00002
0 400 800 1200 1600 2000

(32) (750) (1470) (2190) (2910) (3830)
Temperature, °C (°F)

NN 2.2 Thermal conductivity versus temperature for a variety of

ceramic, metallic and organic materials. (910 Ref. | N 137)

auvgnasUsznoundiznoudioezaeu 2 ¥iaAT atomic weight uana1aiy lajun iy
E o y Yt L 1 =2 & q 9 s
SiC. BeO, B,C ihnnuiou ldamsizin Tassasawanvesansdsesnoumariivonld latice
vibration ina ey ldazainluina Scattering effect
AT 2.3 LEA9 Thermal conductivity V94131520 Oxide 1AL Carbide Vo3 lanzyiia
A4 9 1A maznn 1891 Oxide ¥995107i atomic weight LANAIITY Oxyzen 11N (19U ThO,, UO,)

= :; 1 £ H 0 = | 1 1
92 Thermal conductivity #1191 Oxide 935191 atomic weight UANA19910 Oxygen 10w 191 B,O

3
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-
=
X 156 0.30 -
£ b 1 T T e
= Carbides at 2
= 52 t— . 595°C —0.10 2
5 Be Y (1100°F) S
£ =
3 ® —0.03 =
~
3 , Mg Jh ©
T 5fOxidesat al —0.01 £
€ 800°C . : @
3 1475°
5 10 30 100 300 =
Atomic weight of cation =3

AN 2.3 Effect of cation atomic weight on the thermal conductivity

of some ceramic oxides and carbides. (210 Ref. | nih 139)

®171/52noUNH Crystal structure nuu TR UNANANII (anisotropy) F9 form strong bond
melu layer 19 form weak bond 351319 layer 921 Thermal conductivity (LU anisotropy l1Jde ey
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AN 2.4 Reduction of the thermal conductivity of Al,O, by solid solution with Cr,0, (310 Ref.] W11 141)

A 5 . 1 E ‘g = (o] g 4
130 Alkaline earth oxide 1% Y,0, ¥38 CaO 1ag heat a15U52novdu l)auda 1000 °C additive 12
WlgATeIAy ALO, Aue1 ALO, impurity 1u Solid solution BAIBYAMNATEN IS grains 3991

. rey ar 1 1 4 o 3 < o
AIN grain 9gfin7 Ao daIios Mathanuieuvesasszneuiageluiiu ~ 200 Wm'K

UM QUAIHAAD Thermal conductivity Tagfinisanainaums k& cvl
o 9 9 = -~ 1:? d‘t d?

1) Heat capacity (c) Tuaumsdduszdauiuiuiiogaumgiigeiulugiwsng udile

= n:'\ Y2 ar é =i [ ¢=-'. dy dll g

gangiiin 1At esefunils c szasi lumuuilogamg i

< = 1 ! '
2) 'V fAsAnuiTwewtve Unfuda v aoudreezasi luulsawaaimgd

«u

3) A mean free path LLﬂiNﬂﬁuﬁﬂqmﬂgﬁ
@115U52NDU Crystalline ceramic A% 1IR3 01 1Y lattice vibration #19 A Jaiinads
" Y " 1 L4
1k nniige Asiuasdsznevesiinaanlnalfedin k anauiiogamaiiiuiy
' a =y 5 = v w
ag lsimwansiseneumsiiananiia (Glass) Feezaeululnssad195af 1wy random
3 @ e 3 E] ¥ o A — vy 2 & 2 4
Reiiu Euﬂmmfn i Tadvhiinaden k vestinanniigafio e Al k vowdiBududiilo

?Jfll“rﬁ‘ﬂﬂJLWﬁJ‘Uu fﬂ‘W Hﬁﬂﬂ'ﬁmu’ﬂ k Y93 fuse SiO, L'i"!iJ‘UNLﬂJ@E]‘EM’?ﬂ‘JJLW?iJ‘UH

E3

ueﬂmﬂﬁqmwgﬁﬁmwamammmaammﬁaueﬂma 'Jfrfv;m"lﬂwmﬁmmwﬁau”l,@fmn

g A = cg o= P . Y] 5= 5
VHINOYUUYNFIVY 1AuN Radiant heat transfer voIazuaam 7704 T

a a1 1] -~ as A = 9 = A Y w ot 1
IMNNTINUANYTIU [ABIBUNTIdANNTWTNMAN Ao wanuda Taanldsela

(Transparent crystalline ceramic) HAZWINNNFNTU IUAWIA %) (High porous ceramic) (U MgQO b1

U q

¥
=2

2 " [l » 4
Insulating fire brick 145 10AM AT k iiuTwiegungiliuiy
Factor dufilnanen k Ao Impurity, Second phase dispersion, Microcrack, Noncrystallinity,

Grain boundary 18% Grain size

Sutham Srilomsak



506201 Introduction to Ceramic. Chapter 2; Thermal Properties 11

2 PR 3| g = v g . % o
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AN 2.5 The conductivity of beryllium oxide (BeO) as a function

of temperature for three different purifies. (210 Ref. 1 N1 143)

U) Second phase dispersion o ﬂ’l':?‘lcf!'.l phase 2 %ﬁﬂ@gﬁfiwﬁuiﬂ v l3iiAi Solid solution N
Taw phase Wﬁ\ﬁ]zﬂ‘ﬂmﬁl (disperse) Tudn phase 'i"i’“qu\‘l A3NTLWAIVDI second phase 199832018
ulﬁ'i’iﬁ‘lﬁf?l%ﬁﬂﬂ?ﬂ 2.6 (a) Parallel Lﬂuguq FOUAU (b) Continuous matrix phase, discontinuous
particulate dispersion 148¢ (c) Large isolated grains separated by a continuous minor phase
: gi’srg%g?‘dt&no;?gg;i:es microstructure

e Dispersed-particle composites
¢ |mmiscible phases

Examples

¢ Furnace linings
¢ Thermal barrier coatings
e Cutting tool coatings

e Enamels

e Layered composites

(b}

Commaon microstructure

Grain boundary phase
Glass-bonded ceramic

Cermet such as Co-bonded WC
Reaction-sintered SiC

oo e 00

(a)

()

INN 2.6 Several models for distribution of two phases in a material: a) Parallel slabs. b) Continuous matrix phases,

discontinuous particulate dispersion ¢) Large isolated grains separated by a continuous minor phase. ( Ref. M 143)

=t =1 ; % Y { = ) 1
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1
=
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k, =V k, +V,k,
1o k= Bulk thermal conductivity
k,, k, = Thermal conductivity U84 material 1 A% 2 MUAIA

V,, V, = Volume fraction of material 1, 2 (base on relative cross sectional area)

Sutham Srilomsak



506201 Introduction to Ceramic. Chapter 2; Thermal Properties 12
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AN 2.7 Effect of porosity on the thermal conductivity of beryllium oxide (BeO). (910 Ref. 1 U111 146)
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C. Thermal Expansion
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NI 2.8 Thermal expansion characteristic of typical metals, polymer, and polycrystalline ceramics.
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MINN 2.9 Present thermal expansion versus temperature for material commonly used for electronic devices.

(910 Ref. 1 M1 148)
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Factor Influencing Thermal Expansion Coefficient
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ATWN 2.10 Average linear thermal expansion versus melting point for metals,

carbides, and borides with closed packed structure. (910 Ref. | 1'1"3!’1 151)
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WA 2.11 Plot of average thermal expansion versus melting temperature for

ceramic with closed packed and rectilinear structure.(310 Ref, 1 #1111 150)

?f‘lLHFJﬁNﬁﬂﬂi“UEN (o) (M) Fhushnsfinsziie 2 Aeedufu Bond strength 61 bond
strength i ¥ o, Seanaudzyinle M, s ﬁaﬁuwa@mﬂjm o, fu M, Saiuringd

mssenevis wﬁﬂcﬁaagﬂu form U84 Single crystal Hozaounisliy crystal RIS HIAITY
closest pack LAl Cubic symmetry 933 O, Tufisninid x, y uag z iy [Fenniamaia “Isotropic
thermal expansion” UAMT1 Single crystal ceramic Tinzaon 11 TATIe2193AEH9ULY Non-cubic
symmetry 923 O, luitrunn x, y uag z limaiu Sondiaeseuni® “Anisotropic 13 Nonisotropic
thermal expansion”

GIT;‘N‘I?; 2.1 uaA9 Thermal expansion coefficient 1UNAN19 / ag | fuunu ¢ VDITT
15200 ceramic AR 19517INNT highly anisotropic structure 1% CaCO,, KNO,, Graphite 221

L J 1
Thermal expansion Tufirmavisaosuandafiuinn Tasmmwizes1ads caco, uny KNO, &4 expand

'
o o

¥
Tuneama /7 funu c wnsunsziai 1y shrink TuunugIRInRULAL

'
= 1

dmTumssznousiinfioglu form ¥4 Polycrystalline %4 crystal (3840619 random
orientation 923 Bulk thermal expansion (11 Isotropic; Bulk thermal expansion 3317104 N9 TSN ’J‘N
oL, TuARMUAY x, y 1A% z Y94 Single crystal AI0E19UTY Single crystal ALO, T O, lusis L
uag // fuuni ¢ Ty naraded o, Tufienis L fuunu c = 8.3 x 10/°¢ wag Iufinms 7 fu
UAU ¢ =9.0x 10 */°C @I Polyarystalline ALO, FHufin9710 crystalline ALO, 1809 Mianee) §a5 04

Vv
AULVY random 328 bulk thermal expansion coefficient IUNTIA UMY = 8.6 — 8.8 x 10~°g

Sutham Srilomsak



506201 Introduction to Ceramic. Chapter 2; Thermal Properties 17

Table 2.1 Ceramic Material Having Anisotropic Thermal Expansion Behavior. (110 Ref. 1 ¥%1 151)

Linear thermal expansion coefficient

Normal to ¢ axis Parallel to ¢ axis

Material X -108BC % 10%/2C
AlLO: 8.3 9.0
3ALO; - 2810, (mullite) 35 547
TiO, 6.3 8.3
ZrSi0, 37 6.2
SiO, (quartz) 14 2.0
Graphite 1.0 2474
ALTiO; (aluminum titanate) -2.6 115
CaCoO: (calcite) -3.7 25.1
KNO. -8.3 243.2
LiAlSi,O, (6-spodumene) 6.3 -2.0
LiAISIO, (8-eucryptite) 8.2 —17.6
NaZr.P,0,, (NZP) —4.8 1.9
BaZr.P,0., (BZP) 3.8 =1.0

#15Usenous1ANIN Silicate, Zirconate, Titanate 1951 Quartz, AL, TiO,, B-spondumene,
P o a ) o ]
B-eucryptite nz NaZr,P,0,, (NZP) i Inssafrafifinninezaousuduiiu Polyhedron (19
! 9 o e e 1 = 9/ Pt '
Tetrahedron 1138 Octahedron) 1127 polyhedrons 3giUAINUAD [T Inssaievuialug i Tnssag
1 o 4 ' o o g <
31279 polyhedrons A4AIN 2.12 1189970 bond 581 T190zA0uNIUMUTILGY polyhedron 11441159
¥

1 ' w 5 [ { (I~
4N 1A bond 3¥11219 polyhedron N1 polyhedron %4 bond A1 1Y share paauny iUl latans

q

-

el | 19

o

®

e
<z
[

O

a

ATWN 2.12 Corner sharing of ZrO, octahedroa and PO, tetrahedra in NZP structure. (310 Ref. | Wi 154)
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Y
Y
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019zfi9T 8N sAeRUTiYNDS polyhedrons YB3E1TUsEABUIIGUT IR Tns 1021 Zigzag
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tilt) 11 1% 598A32 1119 polyhedrons Tinén 11 (Zigzag) NAUTALIIDOAGININ 2.13b LA 2.14b 111
liYaquong U lufemanilausnadalusnmantiedanin 2.13a sredagu [3-spondumene (138
Lithium alumino silicate glass LAS) ¥ expansion N19LAU a=6.5x 10 ~/°C MauAU ¢ = -2.0 x 10°/°

w esj a1 o = i =
C AU bulk thermal expansion Y84 polyerystal LAS Tafia i + Tuna direction taziiu - Tuang

<
o

Yo+ AY

/| o —

o b—

Xog —AX

) b

AT 2.13 Schematic illustrating one option for change in dimensions of corner shared network structure as

. o v
the temperature increases and the polyhedra rotate or tilt straighten the bond angle. (917 Ref. 1 #1171 156)

AN 2.14 Schematic comparing (a) the slightly collapsed structure of quartz at low temperature,
=] Y
and (b) the fully extended structure of quartz at high temperature. (910 Ref. 1 ¥ 156)
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‘l.l‘nﬁ 3 Mechanical Properties

Elasticity
110 Apply usanszihuuiag

o

JaguznlAsuuasuinanso gl (deform) mszusainly
s ' H
& = Y aw r =i

1 k4
atomic spacing 1lAen 1) GunussreiuinihdavesTaandeminduuuausadn “Stess 6 oy
qy 2 A 2 M A 1 1 =t v o do o
Pound/u7" (PSI) 1158 NN/NU° 150 Pascal 1158 Megapascal UARZHUISUANYTUNUT O 1
lkg /mm* = 9.806 MPa
1MPa = 145 psi
1Pa = IN/m?
1MPa = 10° Pa
1 = P o @ o =
LLUS Stress WIﬂJVlﬂ"lﬂ’!\T’HLL‘Nﬂﬁgﬂ’]ﬂu?ﬁﬂﬂﬂﬂlﬂu 3 ¥URA ﬁ'E]
. A a4 =2
1) Tensile stress 18 stress NAAIBODNUTIAY
2) Compressive fl0 stress NARDBDNLTING
= = a A &
3) Shear stress f1® stress MAALIDBONLITIURDY

= = % g A = o 2 g ' = 2
IFenuUIRUeINIsilasuuilad (deformation) VBIEANDNIUAVYUIAITUALI “strain (£)” Fan
A1910

17 ¥ ~ { ' {
g =g [dlo u Aevmainlfomnlasly uag 1 fevwiadeunsnldeuulag

2 ral '
Strain 13ivq
1 ¥
V1A INTIAuuLa9z AU 1) Atomic bonding strength 48472 2) Stress LAz 3) QuNgil
= S o q Y a = L v A =
usannsgmeFunuazi lvnamsuldouudasuuduan1d 2 uude 1) nsasuulauuy
Reversible iazmsilasuilasuyy Nonreversible
4 [T 4 oA s 2 v
msifAeuuilasuuy Reversible fiamisulasunasiidionya apply usanseduusuauuda
lg’ s = 1 1 = 1 = ﬂ‘. dy|
Funuznau ldigusiuagunamidui Senmsmadasuuasuuuiii “Elastic deformation”
= dy : = | < [y = 2 @ 3 =
msulasuuasuuudl stain szdudadaulauasafy stress i apply UuFuan dufusivazidon
v @ 1 . Y g
ANUAUNUTTLY IS stress : strain 1AL
N5% Tensilestress ¢ = Eg
N8l Shearstress ¢ = Gou

11/0 G = tensile stress ; € = tensile strain ; E = modulus of elasticity E) Young’s modulus

modulus of rigidity 139 shear modulus

Il

T = shearstress ; V = shearstrain: G

Plasticity
1o apply load A l8nYaqunedszinmaulans waradn seifanislfeuudasiseah

! . = g = % A A
“Plastic deformation” msuasuulaauvuiiidlumsnlasui/asuuy Nonreversible Avtiianga apply
¥ [ 9
usedeaaz lundumiigylsie uazvnamuAnnoy apply 159 Gon strain NnaluaemsSeuudlasd

71 “Plastic strain”
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fuTEuATINTZN TN Stress : Strain YDeTAR¥IAA1 12 1Adens W 3.1; aWunsmiinuly

ar

oo 1 i I ~ [ == = = 1 5 : s 1
afNUANMLIE 1FY Ceramic; b Tlunswinyluiaanlinumiiedan il Yield point Faiau 1u

Aluminum @24 ¢ fluasaiinuluiagifinnumiioafis Yield Point $19% 191 Low Carbon Steel
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A 3.1 Type of stress-strain behavior. (a) Brittle fracture typical of ceramics. (b) Plastic deformation

with no distinct yield point. (c) Plastic deformation with yield point. (910 Ref 1 v 163)
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il E =300 04 650 GPa lanzaulnajil E = 80-200 GPa dauuiluman weak ionic bond ceramic 11
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TuanovealuBanuA 8 weak bond
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sendveraoussazaeylulsasiama iy §red195unsel Tron FeoznouBadefuILY Body
center cubic “:ﬁ& Pack f2 lunfmMI4 [111] udun lunemig [100] Ml bonding strength Tunania
[111] 30091 &9 E 404 iron Tufiemag [111] T =283 GPa vaizilufiet [100] = 124 GPa

= ' v I = = 3 “d!
mssznousiinaauluailu Polyerystalline material NAAIN crystal (AN SILIUNINGH

o 1 = 1w = =~ 1 | = 1 = u’z’
AUD8714 random 321 E iy lumniiannmaiuaindevss E lufiamn19a199 4o crystal 1ane 1iuie4

'
o
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aauniifinarhld E veeTagdauiiesnnfigungigeiiu ozaow vibrate 1nAuvi 1

q
¥ '

vy
interatomic spacing N34V UssBAMTIEITENII0EADNAARAY A3 E SeanasninlUBe niw 3.2
o o o ' o = = ' o @ 3 i
URAIANUFUHUTIENIN E A1 Temp vosa15Usenoums1iinsiinn19e §115Y composite materials

npanntiia o2 FUANIWFUAY 195U Co-bonded WC cermet, Glass-or-carbon reinforced ceramic 819
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&M E U84 composite material la Iﬂﬂfuf@l‘i

Table 3.1 Data for Young’s Modulus E. (310 Ref 3 %131 31)

Material E/GNm™? Material E/GN m-z{
Diamond 1000  Niobium and alloys 80-110 |
Tungsten carbide, WC 450-650 Silicon 107 ]
Osmium 351 Zirconium and alloys 96 ;
Cobalt/tungsten carbide cermets 400-530  Silica glass, SiO, (quartz) 94 :
Borides of Ti, Zr, Hf 500 Zinc and alloys 4396 f
Silicon carbide, SiC 450 Gold 82 |
Boron 441 Calcite (marble, limestone) 81 i
Tungsten 406 Aluminium__ 69 :
Alumina. Al,O, 390 Aluminium and alloys 69-79 i
Bervilia, BeO 380 Silver 7 i
Titanium carbide, TiC 379 Soda glass 69 r
Molvbdenum ang"ailoys 320-365 Alkali halides (NaCl, LiF, etc.) 1>-68 ‘
Tantalum carbide, TaC Granite (Westerly granite) 62 |
Niobjum carbide, NbC Tin and alloys 41-33 !
Silicon nitride. Si;N, Concrete, cement 45-30
Chromium 289 Fibreglass (glass-fibre/epoxy) 35435
Bersllium and alloys 200-289 Mfagnesium and alloys 4143
Magnesia, MgO 250 GFRP 745
Cobalt and alloys 200-248 Calcite (marble, limestone) 31
Zirconia ZrO 160-241 Graphite 27 i
Nicke] 214 Alkvds 20 ;
Nickel alloys 130-234  Shale (oil shale) 18
“FRP 70-200 Common woods, || to grain 9-16
iron 196 Lead and alloys 11
Iron-based superalloys 193-214 Ice. H,0 9.1
Ferritic steels, low-alloy steels 200-207 Melamines 67
Stainless austenitic steels 190-200 Polyimides 3-5
Mild steel 196 Polyvesters 1-5
Cast irons 170-190 Acrylics 1.6-3.4
Tantalum and alloys 150-186 Nylon 24
Platinum 172 PMMA 3.4
Uranium 172 Polystyrene 3.4
Boron/epoxy composites 125 Polycarbonarte 2.6
Copper 124 Epoxies i 2!
Copper alloys 120-150 Common woods, L to grain 0.6-1.0
Mullite 145 Polypropylene 0.9
Zircon, ZrO, 145 Polyethylene, high density 0.7
Vanadium 130 Foamed polyurethane 0.01-0.0
Titanium 116 Polyethylene, low density 0.2
Titanium alloys 80-130 Rubbers 0.01-0.1
Palladium 124 PVC 0.003-0.01
Brasses and bronzes 103-124 Foamed polymers 0.001-0.01

EIEWINVEY,

110 E,, E, Ao E v09989 a. b awdidy

V., V, A9 Volume fraction YBIAIUHAY a,b

=1

. o 9/ a ° [ = %
Porosity 311111 E veeiagaiato1nezllszuna E veaTanni Porosity 14310

q

E = E (1-19P +09P?) (3.1)

dl'. & o rd’ (=}
19 E, 710 E voe3aquan 1aiil Pore
P AD Volume fraction Y94 Pore
= Y Y A A . . =
BUITUNIT (3.1) ﬂ$1TL1ﬂ@I@L3J’EJ P I’llliﬂu 50% L1ae Poisson ratio 3J'ﬂ'lﬂﬁ'$ll'1m 0.3

Poisson-ratio ABBATIAIUV strain TUUINIIY strain TULUIEN AN 3.3
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YOUNG'S MODULUS OF ELASTICITY E(psi)
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Qs Y] o '
ATTUTUNUTIZNAN V  E uag G ¥99 Isotropic single crystal HD) Polycrystalline material %1
4
a0

E = 2G(1+v) (3.2)

viesnnnsdl lavzifounnailadl v =033 unusudhlu 3.2) 92185 dmsuTangia o T

Table 3.2 Poisson’s Ratio at room temperature for various material (919 Ref 1 #1111 159)

Approximate
Material . Poisson’s ratio
"SiC 0.14
MoSi, 0.17
HfC ) 0.17
Concrete 0.20
B.C ' 0.21
Si;N, 0.24
Si0, 0.25
ALQ, ) 0.26
Steels - 0.25-0.30
Most metals 0.33
BeO 0.34
MgQ 0.36

STRENGTH

& . 5 " o 1 - | o 191 o .
Strength A® stress at failure H1NA1IF191 strength (RY9) ﬂmmmwmﬂmmu”Lu;wﬂu Yield
g e L3 )
strength, Tensile strength, Fracture strength %30 Theoretical strength g lve U9 AADILINAIINME

Na1204 strength ¥l 1a

Theoretical strength (G) 719 Tensile strength required to break atomic bond apart (11 strength

Tﬂﬂ?ﬂ?ﬂ!@?ﬂ!!?@ﬂﬂié’?f?n bond YIBLADIUAE ﬂi\‘]ﬁﬂ@lLLﬁ? Themetlcal strength %“’llﬂ'l‘ﬂﬁ BN 1/10

©91/5 999 E laua @106195u ALO, 9% E = 380 GPa Faviu AL ,0, 91 Theoretical strength 383
76 GPa ¥50 SiC “])’\m E =440 GPa SiC 921 Theoretical strength = 44-88 GPa GluWNiﬂE]‘]sli]‘W'lﬂﬂ'l
uniefaglaq TUAeA Tensile strength v097e 730 18A259 TR MR Theoretical strength 116 11N
1 ;‘jﬁﬁ'ﬂmﬂgﬁnﬁaﬁnma%’ﬁﬂwﬁ&nﬁu LN Tensile strength 7137 14T1A161n 91 Theoretical strength
fou 100 11 Faudasluaisied 3.3 -

Table 3.3 Comparison of Theoretical strength and actual strength (917 Ref' | w11 170)

Measured ™
Estimated Measured strength of
theoretical strength polycrystalline
o = strength of fibers specimen
Marterial [GPa (psi)] [GPa (psi)] [GPa (psi)] [GPa (psi)]
AlOs 380 38 16 0.4
(55 x 10% (5.5 x 10% (2.3 x 10°) (60 x 10%)
SiC 440 44 21 0.7
(64 x 107 (6.4 %X 109 (3.0 x 10 (100 x 109
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Effect of Flaw Size
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Ed
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IHaN917 ceramic NU Compression 4101731 Tension AIUU inclusion 1) Thermal expansion
coefficient #1131 matrix V4iINAAD strength Y94 matrix 410131 inclusion N3 Thermal expansion
coefficient g 17771 matrix

Mechanical Test on Ceramic

o (=)

M3 test mechanical properties VD445 1INTTAI) 6 AN AYAD

1) Tensile strength 2) Biaxial strength
3) Compressive strength 4) Hardness
5) Bending strength 6) Impact strength
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AN 3.5 Schematics of strength tests (910 Ref | i1 177)

; i = Y 9 e . o &
2) Hydrostatic tensile test Testlagdavoaunand1lyluldsuam ceramic Auiluginsg

3
=y}

' 1 '
ATTUDN AININN 3.5b LTIANNAuRARYeUraNy1 1Y 1uuNg ceramic 32 i T L s inuan 3553
9 =t & = E? n ] = C:I -ﬂ' = 3 ow = d' ar 1] C!y
voifeAmIeNguaIu lMennanfeduauimson laiinaziisos cack Aveusaniwae 1
v
9199200 crack ¢ o1 lddauy
' o ' a::.uu 9 Qy =

youuamMsnusuim I nduauiiaiy

W lAy ST UILINUS DALY

'ﬁﬂ‘l’sf stress distribute lla.il,"ﬂ'Wﬁlu
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aad = C? =1 @ o
3) Theta rest FoiazdvansenFuanuiugy O Fanm 3.5¢) udroonUssnnULTOLT ITDIY04
g o Y a . a c:!{ 1 =3 (= a, ";v
%umummqﬂﬁﬂumw Lliﬂﬂﬂfﬂ&”ﬂﬂﬂmﬂ tensile NUAUNANUDIVUIIU EEI'NkLiﬂﬁﬂﬂJnlﬂJuEJﬂJ test '3%1:!

' b
Lﬁ'@\3ﬂ']']ﬂﬂ']imSEI?J‘]fU\‘I']Uﬁ'IVLﬁEJ']ﬂll"Iﬂ

v
[ =

s = o . Y = v o o =
Compressive strength (5130 (U IgaAnu compression ulﬂ@ﬂ'ldawtm Aatiumsiuesdin

q

14 Tunusinezeenuunls ceramic ifuduiifuussna wusiudue Seldniniulunsih ceramic 14
141190819 winzoonuuuIHi compressive stress USinaitorn o ludumm wumuia e
WINTLINTUTAY safety glass (T

MINATBY compressive IrsilinnaaeouTae 2 35 danm 3.5Fuas ¢ a1 3.5¢ 1unis
NATDULYY uniaxial compressive LA 3.5g Wuns NATBULYY diametral compressive ﬁﬂfjﬁ?ﬂ‘?@ Rice
TAfn I AUTUT YD Compressive stress 1) Microhardness Y0425 Usn0UI 100 LEAWL
“Compressive strength UDUVT WA 1Y (0.5-0. 75) Y0 Microplastic yield stress; ag Microplastic
vield stress UAUNIAY 1/ 3 Y89 Microhardness f’?’?ﬁ 18 Tae3% Vicker 150 Kroop Test” 613 N‘ﬁ 3.4
ILEAS Compressive strength ‘ﬁﬁ’l‘lnmiﬂﬂ Vickers Hardness/3 @13 Rice 18y Compressive strength ‘ﬁ
18910n159A959 (Measured compressive stress) wiiu Calculated stress #14 Rice ﬁﬁ?ﬁiﬂﬁllﬁﬂdﬁu
Measured compressive stress WOFHUAIT

uﬁ]ﬂﬂ’lﬂﬁw Grain size fINAAD Compressive strength nUnauan Compressive strength il:LﬁlJ

£ & . . 4
UHIND grain size LN

Table 3.4 Comparison of Hardness and Compressive Strength for Polycrystalline Ceramic Materials (210 Ref 1 ¥1111 179)

Calculated Measured
Vickers stress compressive
hardness Hv/3 yield strength
Material kg/mm? kpsi kg/mm?* kpsi kg/mm? kpsi
ALO, 2570 3360 790 1120 650
BeO 1140 1620 380 340 360
MgO 660 930 220 310 200
MgAl O, 1650 2340 350 780 400
Fused SiO, 340 780 180 260 190
Zr0, (+ Ca0) 1410 1980 470 660 290
ZrSio, 710 1140 270 380 210
SiC 3300 4680 1100 1560 —
Diamond 9000 13,780 3000 14260 910
NaCl 2] 30 7 10 6
B.C 4980 7080 1660 2360 414

Bending strength HeunATal bending strength 2 LUV A9 3 points I8 4 points bending test A
3 a =] i LR T o =
NN 3.5d LAg ¢ N3 test N9 2 '1%1‘1Juﬂ1§ test ﬁﬂzmﬂuaﬂ%ﬂuuwwmwf;fmwm:rﬂmmmsw
N Y . g ¥ g dad 4 9 o 4 a & A dyw v Ay
specimens 17418 specimens N1Fagitunuunfinuinidadursnawmsefimaouale voldiufinh-
o o W =q ¥ o A a agw 2 . . X & g9
AR NTNBIIAUAADARNLTIN 1Y test AND 1n30910N 19 test AD Universal testing machine 9%

3
o a . . Y9 9 5 = o gy ad
A3V test tensile LIAE compressive strength Tadae Tums test bending strength ¥UITULEIIUAAIYIT
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dll A oo I =& 9/ I I [T ay @ r mm ora = aa 9
L&ﬁ&’Lﬂ‘i’ENﬂJE)ﬂ\'lﬂﬁ'?'mGLLNH‘Nﬁ’]uﬁlHﬂJLLﬁ’J%uQ’]uﬁJ:‘;’LLﬂﬂ'ﬁﬂ"l]'lﬂ tensile LA 1§J‘HEJ§JL‘EEJﬂ strength ‘i’l‘}ﬂllﬂ

Ed
98251 tensile strength LLAALLTENIT “Bending strength %30 Modulus of Rupture (MOR)” A1U2DI1N

, Mc
Bending Strength (S) = il
Lﬁﬁl M = moment I = moment of inertia

¢ = distance from neufral axis to tensile surface

AW 3.6 AR dimension YOILNT specimen 7 19 1UN1TNATDUFINATD

G : : g R ssll.8 3PL
T1Y 31U 3 points bending ﬂ']‘]J'HGIFJE]EJ'NLﬂHLLWQﬁLWﬂEJﬂJEJ'l’J MOR = 2bd?
a) :5.1 s ' I~ ] SPL
ﬂ?“ﬁu@ll@ﬂ’]ﬁlﬂull‘ﬂﬂ‘ﬂ‘i\'lﬂ‘;?g‘ﬂ@ﬂﬁﬂ'l MOR = F
)
o o " ? 9) c:J @ 1 ) Ve a BP(L Soaa a)
@115 4 points bending MIUAIBIUTUUNITMABLOTY  MOR = e
v e ' o ' 8P(L e a)
OT%U@'D@UNL‘UHLLWQW?ﬁﬂﬁﬁi“l_lf]ﬂﬁﬂ'] MOR = _]j“;—
Ty
Y = Y 3 o o @ o 3 .
WD P = load MR lF¥E M VYN specimen b = A771UNI9VDY specimen
v o«
d = ANMUHUIVDY specimen D= Lf“f'umguaﬂmwm specimen
L = span U84 outer support a = span YD inner support
s F testng  13.1. Modulus of
seanvi BSeK W T o tating
configurations:

==/
n D74 B

| ]

L (a) Three-point loading.

-

PLATEN OF TESTING
MACHINE

SPHERICAL
BEARING BLOCK

D1

(. ]  TESTSPECIMEN
— ¥ b I
ﬁ (b) Four-point loading.
ANA 3.6 Modulus of rupture (MOR) testing configulation (910 Ref 2 T 230)
[ ~ 9 t:;, o =) ¥
A1 MOR MAToU 1@92UUAY (1) rate of loading (2) ratio span to specimen thickness fi9 L A9
£ '

N1 D 130 d eg1aries 10 Tuwwiusii 1dszin (3) specimen alignment 93404 align 198 LAz

TN apply load specimen aosluda (1) specimen size (5) 59 test 92U 3 points N304 points

‘:* . . e
170 uniaxial tensile test
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Al Y d o 1 i o ac A @ 1 1 o 1

(D IMIANAI9E19909AINUANATE MOR NTAINTT test NiAsAuTuand1asueeels veon

#19674 MOR 9849 Si,N, FInadauAfeInAasuedu3Em Norton WU MOR i test 2035 A195uw94
3
specimen batch [BgAUTAAIH (1) 35 3 points bending MOR = 930 MPa (2) 35 4 points bending MOR
= 724 MPa U@g 3) 31 Uniaxial tensile test 19 Yield strength = 552 MPa 01 3.7 uaaaliifiug
a1 MOR naaewlauds 4 points bending A niifinadeu Tae3s 3 points bending IN51¢
4 [l a '
WUATIUTULTI max load Vo FUIMANATOLTALTT 4 points bending HANAATT dauusinlunim
<] = PR ) @ c? i aa . 3 = d'ay o .
uuTund stess dmsuFuauinaaeyTasis 3 Points bending USINFUIMSY Maximum stress
4 v ¥ [ '
ABATINANT Yo IunIIL vaiiTunuinaaeu Tae3T 4 Points TUSHAHY Maximum
¥ b v 1 9 [
stress N319UUW13N AaiuTonaNeziee crack TWUSHAATY maximum load Y89TUIIU NG dOUSIE
as 5 =2 g 1 o n’)’ g P 3 as :?:9 1 ) ar o -
773 3 Points 39108171 AU strength YOIFUNUTINATOUAILITUTIgeN I Lazd1$Y Uniaxial test
R 3 L 22 o6 T - y
PHIMUNYINITY maximum stress IOUATDAN INITUULIDY ﬁﬁwﬂﬁlﬂﬂ’]ﬁ‘ﬁ crack cL‘Lli"l'l':? test Lmuﬁﬂx
s

! Y e & ) Sy oy A2 A
VYWY (propagate) UINNIINT test AIWITOU MOR 130 bending strength 1f1“1m1ﬂn'rsmframmuumu

Ay }

ST

{a) 3POINT BENDING

a PT. =330 MPa
3 (135 Kpsi)

04 pT. =724 MPa
(105 Kpsi)

MANNMT

(b} 4-POINT BENDING

— VRN A .
ETENSILE™ D52 MPy

WI -

(e} UNIAXIAL TENSION

NN 3.7 Comparison of the tensile stress distributions for three-point., four-point and uniaxial tensile test specimens
along with typical average strengths as measures by each technique for Norton NC-132 hot-pressed Si;N,. Shaded area
represents the tensile stress, ranging from zero at the supports of the bend specimens to maximum at midspan, and being

: ; 1 I
maximum along the whole gauge length of the tensile specimen. (910 Ref 1 M1 182)

Biaxial strength ”Lumﬁﬁﬁymm"lﬂ%’amﬁm Susmonz il siinlaedaniile
DD LRSS UUT IV TANS DIe) AU ﬁ’ufumﬂé’:’ﬂamssi’fmgaﬁﬁwmfﬁm Fuudoq test poAULIL
M3 test AwATuase fethasuiuamsiindaaaclun g 3.8 73 load N dguive 8199z
il luamdandineduug Compressive stress D8191ABLALE stress profile AINT WAL

1 = 1 = =] A = ,:? o w w 2 9 - = =
YU meﬂwmﬁmmtmazmﬂﬂuﬁa%mu’nﬁﬁ)ﬁmﬁwuammmw tensile stress A78 1AYN tensile
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[~ cic. Qy a aw 1 .e'i = Qy s
stress UM FIGANAIVOIFUNUUTINUNTY load 1azADE anauionnad [ Iuduay uas tensile
o 4 LY
= = o o Y

3
= 1 a oo ow = = 3y a
stress 9EUAITIVHD friction FEMINHITUNAFIVH ANUUDIVEIVYU stress profile ‘]J‘LJ‘D"LNWHU],Q il

EY

e

£ '

1 A a <« qy < a 1 g i
ﬂﬂﬂgﬂmwmmwu 'm"mi‘ﬁﬂumﬂi:ﬂwmimaammu%mm lagnarsaa Compressive stress 9814
G\ »

= a a &£ o s/ Y 1 alo 3
Ry %zaaﬂuwpyrﬂzma‘1umumqmﬂﬂmmuaﬂmmmu::mbh

1 v 8 9/
NINN 3.5g LEAINIT test NYUITHTY load N9 compressive LIAE shear stress EIT,

(a)
TENSILE CONTACT
N ZONE | !
‘ UNIAXIAL
0
f=0
o
3 3
-4
@
w
g COMPRESSIVE
=
o
=
bz |
a
@
=
@
a
o) 2 TENSILE Eiis
N =
‘ E f :!.5 .
=0.
il BIAXIAL
—_—T
r——

f=T  COMPRESSIVE
N

ATWA 3.8 Contact loading showing uniaxial and biaxial effects on stress distribution (390 Ref 1 111 184)

< = o - = @ ! < o
Impact Test 1JuMINAADUANUNLYI (Toughness) voaiaq Insvzundudediuiluglda v

'
=1

o o ' 3 o 1 = T g o ey o
AININN 3.9 [.Lﬁlﬂﬁf)ﬁl“llﬂuﬁﬂﬂ'ii’]u%]’iﬂﬂ']LLWH&QQ“lfle‘LJ’E]uLlﬁﬂJ'lﬂ'iﬁL!,’}’lﬂ‘h’uﬁ'I‘LI W’]cl‘ﬁ”]fuﬁ'lu‘}‘iﬂ"lﬂﬂ

' 3

20nINAY AmSuAmInvesReuLazANUIARA T NUgENAUT AN gsaAT iz

Annusmasnuniaaganaunounzuanin 18 fuduinlnfudussiing oughness liganniin
' v g o = = = 3

uatlualimswaniuas i 1ianumiioanaiu

o3 ] ' @ < o
Hardness Test L‘ﬂ‘LlﬂTiﬂﬂﬁ@ﬂﬂ’ﬂﬂﬂ'}ﬁﬂﬁm‘i‘i?ﬂﬂ’JTEJWUWWHGI@LLﬁ%ﬂﬂWEN?ﬂﬂ lﬂﬁlcl‘]a)’j‘l’i']ﬂﬂ

q

o o o o ol

130 Indenter naas luuAaTagaauansTasnIn 3.10 111435 Test Hardness Nd a1 4 55 flo. -

(1) Brinell Test (2) Vickers Test (3) Knoop microhardness Test (4) Rockwell

4 12
. Y v a ' = o
1981 test 92DONUTINA indenter THIUINIRINAVFUNY AINDIWUVL (hardness) YOI TAR

o lllﬂ) = dél.l P Y i e ow A Y] 1 o o
MU lAnInANUaNLEENUIMINARYEITBILNNAITARAIIBYINEIYANA MT test uARzLLUADE 1Y
vanaiillviaaIgiumuiimun dudaslaea1s1ad 3.5 udr1dqasA1uin Hardness muuaaaly

A1 N
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Starting position

Hammer

AWM 3.9 1AT04ONATBLLITINTLUNNUIATTIM (210 Ref 5 Mo 230)

1111 Hardness i test 1nTIA1gnAaa 3AnA indenter AI5H191NVBLYBY specimen pE191108 3

] 1 o o s = o = "
mwmzﬁumqmmmwmaaﬂﬁmmmﬁ UAZITANHIN test AITUANUNUININATIANUANUDATOY

Vv

yuuuiiageiinies 10.5 m s iaguiniiselinsasRounduvemdsnufing il

119
test u],ﬁmlﬂjgﬂﬁm
Indenter
Surface 0[\.
specimen
%%WA

(1) Indenter above
specimen surface

Load —-1

LN

(2) Indenter under set
load penetrates
specimen surface

T
(3) Indenter is removed

from specimen surface
leaving indentation.

(b)

5 ¥ = > @ < o
AN 3.10 (a) l.ﬂ%ia Q‘ﬂﬂﬂﬂ‘ﬂﬂ'QWQJLIJ"INILU']_F%’EIﬂJ.TIﬁ (b) 'U'Llﬂ@?—.lﬁ]@\‘]ﬂ'Iﬁ'Jﬂﬂ'J']MLL"lNﬁ'JHH'Jﬂ@LW%'i

@ = s o ' g o o
3uUnsae Jagiinaumun clunsdldl cisndes mnmudsiidaldseiiamin (a1n Rer s urh 195)
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A15197 3.5 ﬂ?i’ﬂﬂﬁﬂﬂﬂ’ﬂﬁﬂmﬁﬁ (210 Ret'5 ‘H‘lfT 194)

Chapter 3; Mechanical Properties

Shape of indentation

Formula for
Test Indenter Side view Top view  Load hardness number
Brinell 10-mm sphere of ’——'D P ik 2P
steel or fungsten =
Ccmide"‘g —Q— DD - VD? = o)
d
d
Vickers Diamond pyramid 136° d, d, P 1.72P
\@ ! VHN = =22
b
Knoop Diamond pyramid i P 14.2P
microhardness BN
/b =111 I—;!—j
b/t =4.00
Rockwell
A &0kg Ra =
c Diamond cone 180kg Rec = 100-500t
D 100kg Rp =
B } rs-in-diameter } @ 100kg Re =
F steel sphere 40 kg Re =
G i 150kg Rg = 130-500¢
100kg Re =
t
E in-diameter steel 1 O
sphere —__f_
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mnﬁ 4 Electrical Properties

Introduction
I~ | o =
Ceramic iluasdsenevifinnuamisalunisti i range 1319 Ceramic 1199iia
1 o ar i = T w
Taiir I dailunuay (nsulator) vauef Ceramic v1ewilasoultnszua Infwng 1erhasadiu
2 o o . % s o v o ;w
1309711 (Semiconductor) 148 Ceramic U1y HATH 1WA 18dA3REW Conductor wBRNTIHT
' Vv I
Ceramic 1193ilan it IvhusideernnsaiudaluTnssafraudemeaun Iwihi apply 14
= oA . = w o = wa . Yo o o = r =t
(I3n2UAA “polarization” ) IUTVUNINUAWUANTRA Dielectric “qummmuﬂszﬁg TUNAN Ceramics U
vosnmauian Infuanaefiuilos91nil Atomic bonding & Crystal structure LAY
Fundamentals and Definitions
[ 3 £
wedee W vindvesa lvnie lddanasa Idhdsnmae 15 ¥r'lumasa lideasng 2
1 v oa 3 3 1 o 9 A g
ABY ANUANANINTING 2 o901 IWR1e91 19 electron J991047 —

Vv 1
Tunan + vesau e Tasrune 1dvasa (flament) A9

Y W 7
- A ~ Aa Y o o @2 oy 9
T Tungsten alloy NUTUHIFUINANLANNIN electron 1aeelennw

v 1 3 ¥
wenenuesn Nz iy ldvaeail 101718 wWoriu1 1405

J———

s 9/ £ A g 3 o v 8
Annasnuesninluglvesnnuieu Fuiledounefivilild
riaeaaduasadngeonin

= s 1 g P o 1 ) i us: 1
FondTananlszy ldhadehutiuinddadh “Current (1) ; Sonanudiumuiivaasu Ll
& 1 1 o e o 4 iy
1T electron J9W11471 “Resistance (R)” aziFunANuAAnINTH 1N electron (nADUAT “Volt (V)
L4
o o a d
NaenuiaNuFNAUEA L ENg
V=R
9/ a o . [ [~ 1 T oW U My o 19 o [ J
01V Ufneh R A Tziluguiaiu nanafied R ga 1wz udf R 611 92qe Taadis
yiafuiinnuansalumaih oty dyiidlduenawaunsalumsiir ifhvesTag
= . o5 tn 2 o o w A f A
D Electrical conductivity (T) &4il1igtAgyiinase G Ao
o 1 [~ Y 3
1) S1unimezlszy (n) Inuodu (d/em’)
1 o w
2) Usgyvesnivzlszy (q) Jrvodlu (coulomb/da)

3) ANwaIa lumandeuiveanmesey (mobility) (L) niaeidly (cm/sec #0 Volt/em)

o = ngu wihodlu & coulomb om’
a ) Volt-Sec
= coulomib = Amp = 1 N30 Siemens
cm.Volt.sec Volt.cm ohm.cm cm

1 [ i oiod o W e = ot
IAYAIUATUVD Electrical conductivity AiB Electrical resistivity (D) 1Huf1u0na 11811

o ]- = ' =
MuveIas p=— 1111901101 Ohm-cm 1150 Ohm-meter
G
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&l . ik, o ! 3 ! 2 o L) o
15199 4.1 LA (Electrical resistivity, P) ¥091ana199 wwiui lavedaiuani lwihi
a (Conductor) i p ﬁegﬂmhq 10° ohm-cm @2U Semiconductor 1 P agj‘lmf"m 0.01-10 ohm-cm.

3 £ L= = -14 o o = '
1Az 8171/72n0Y Ceramic Uag Polymer e 31 Inajiiu Insulator I P Uszanar 10" daiusgifiui
P U943 Conductor AU Insulator #1940 1D 10 ohm.cm

Resistivity (D) laitnilauniy Resistance (R) Adung lumssmrannudiumuvesainda-
9
Y o

] ld? @ = -:: [T 1 é" @ é!lu P Y o
Wl p Tidurpvnauazfivividavesaindani ud R Jusudiuiviide (A) wazaiu-

8) a  ar o 1 @ =t o3
817 (1) YDUTUAIA ANUTUNWUTIZHIG p AU R wau“l?ﬁﬂuaumﬁ
AR

P=

Table 4.1 Electrical Resistivity of Some Metals, Polymers, and Ceramic at Room Temperature (910 Ref. | v 206)

Material Resistivity (ohm-cm)

Metallic conduction

Copper 1.7.% 10
Iron 16 x 10~
Tungsten 5.5 % 108
ReO, 203 107
CrO. 3 x 10+°
Semiconductors
Si1C 10
B.C 0.5
Ge 40
Fe.O, 10—
Insulators
Sio, >10™
Steatite porcelain >10v
Fire-clay brick 10¢
Low-voltage porcelain 10"=~10™
AlLO; =10+
SiaN, >10M
MgO >10"
Phenol-formaldehyde 10*
Vulcanized rubber 10+
Teflon 10
Polystyrene 10
Nylon 10M

ELECTRONIC CONDUCTIVITY (in Metal)

1 o . o a = = =
uam 3 Il (Blectrical conductivity) veadaamuariinvosnmzilszyily 2 vila fio
1) Electronic Conductivity Aion151 Tihfiwimgalszannd Inl#hfio electron uaz hole

2) Tonic Conductivity Annsti Idhiwivzdszanti Wi de ion + uaz ion -

Electron IA0UNT0U0ADNYHI 32i29 IATNUULOUGEAT “S2AUNE 19U (Atomic
Vv
energy level)” #708191%1 Na 1 92ABUEH electrons 11 @7; Electron 119 11 9z0g luszaundasu
3 1 =2 @ P v aw & 1 oA v Qo
Agud 1S Touds 38 danndi 4.1 dn3Sedeiuile Na narvezaouins sy Tans Na NN
' ' ¥
DEABNNINT AL electron NOYIUTTAUNG1IUABINUIN share A1 ATTUTZAUNG I

= 1 o o ar [ ! " Y]
LR8I VYUY Na Lmazazmmﬁwzﬂmmﬂu “UAUWAIIIU Energy band” ﬂ\‘lﬂ"l‘Wﬁ 4.2 UL UYWAY
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= a @ | [ o
vueamiu 2 ¥iiafo (1) Allow band fuaUNGIUA electron 14 11/0g 14 71 (2) Forbidden band
AouauNdaIuT electron 161 11/og hild  forbidden band 9¥A1BE5EMI13 allow band 2 bands

(MIBUAY energy gap NAUTZNIA atomic energy level VBIDZABUIALI

M-shell —_— 35
L
—_— 2
L-shell { — ] 3
e —_— 2s
@
| =
i
K-shell —_— 1S

Isolated sodium atom
WA 4.1 Schematic of the energy level of an isolated sodium atom and of an

sodium atom bond into a metallic sodium crystal structure. (210 Ref, M 208)

Energy ——

Interatomic seperation (lattice constant) ——

A 4.2. The energy level for solid hydrogen as a function of interatomic distance. The atomic

level can be considered to have broadened into bands of allowed energy. (910 Ref. 6 1 P10)

woanuazaanlumasniri lUfuvesnundenulmifidaluidhedu Sadonde allow
band MNUIBAVYDITLAUNGINUVDIDLADY (Atomic energy level) ﬁmimﬁmﬂusmuwﬁwm
"5141-"1 91 367 allow band TIAAINTZAUNGINY 1s Y018ABY Na nneABNTNS WA “18
allow band” Hudy wennAGaEenunn allow band AfnEanugegaid electron 1$1eglnan1ae

UnAd “Valence band ™ (A Outmost filled band) 1aL3UAUAY allow band NiNAsUGIdAIA
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9
= [ t
Valence band ‘Ijuhlll 1 5¥0UN “Conduction band ™
d’i o g é't c!ycv A:g = s 1 = = 1 = 9
e limiunmisestidanuinlidnizvesndlodnainaslisn i auyddi lang Na fou
1 LY
¥#191/52n0UA78 Na 1000 92D MULUIAATIIAUDLABYDI Na T19M1A21IN atomic energy
L7 £
level MINUAN share ﬁ'uua:ﬁ%'mmu allow band 1S, 2P Lag 38 LLE%”JLEH electron NAMUA 11000 &7
11l fin1 @914 allow bands ©11935ms fill ag fill Tavenfandnii a2 fill electron 11 11/og T
e o o T g [~3 P [ y i
allow band NAWANMAIAIINDUTOIANUED 39 fill 1971110 allow band Fiinaeamgediu iFoeq
Y ¥
@ ar w 1 a 1
AINUANADE19T Na 34 fill electron 1491 11/ Tuiay allow band 18 IH@unoundlse fil luuoy 2s,
2P 1A% 38 MUAIAY 911U electron N allow band UAAZLAVEINITDS D IAILIMIFLIIUIU electron
= i i ~ v o o Y Y a
N atomic orbital YOINNVEADUNUTG AU allow band ill"hulﬂ LU allow band 1S U949 Na LA
. o : 9/
971 atomic energy level 1S U9 Na 82RoNUNTWAY Liaz 1u atomic energy level 1S Usenouaae
9
atomic orbital s 1 orbital LARL orbital A1NITATV electron 1A 2 A7 915U allow band 1S voslane
Na A14AI9819998111595D electron 1@ 2000 67 Turiiueufeafu allow band 2S. 2P LA 3S 1
s 2 A o o w 4 @
11505 electron TAIANT 2000, 6000 LA 2000 9 AIWAINY 1519 fill electron 11000 Fud111 1

allow band 7918 AININT 4.3

38 allow band hafly fill
2P allow band fully fill
Forbidden band
............................. --.-.-.-..-] 28Sallow band fully fill
FANER | 11§ {01 oy PO
............................. o ......] 1Sallow band fully fill
e ORI

NN 4.3 LEAAINITTIA electron aa“luumuwﬁwmﬂmaﬁ’au Na filsenauday Na 1000 az@au

mﬂmwﬁ 4.3 01171 Valence band 1t8% Conduction band U84 Na fiD 181 allow band ¥1/18
ula

135615091 electron 14 allow band Al electron oI (fully filled) Tivir Tflums e 31 i
Sumsnssduanniouen cectron Tifszdumdsnuiog laiusn S electron Tu 1, 25, 2P
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M6 Conductivity versus temperature for some transition metal

oxide that exhibit electronic conductivity. (919 Ref. 1 M1 210)
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Table 4.2 Mode of Conduction and Temperature of conduction for Various Ceramics. (10 Ref. | 111 209)

Transference number®

Temperature.

Compound @& (B k. (= Bl
NaCl 400 (750) 1.00 0.00

600 (1110) 0.95 0.03
KCl 435 (813) 0.96 0.04

600 (1110) .88 012
KCl — 0.02% CaCl, 430 (805) 0.99 0.01

600 (1110) 0.99 0.01
AgCl 20-350 (70-660) 1.00
AgBr 20-300 (70-660) 1.00
BaF. 500 (930) — 1.00
PbF, 200 (390) — 1.00
Cull 20 (70) 0.00 — 1.00

366 (690) 1.00 — 0.00
Zr0. = 7% CaO >700 (>1290) 0 1.00 10
Na.O - 11AL.0; <800 (<1470) 1.00 (Na-) — =<0 {0
FeO 800 (1470) 107 — 1.00
ZrO, = 18% CeO, 1500 (2730) — 0.52 0.48

~ 50% CeO. 1500 (2730) — 0.15 0.83

Na.O - CaO - SiO. glass — 1.00 (Na~)
15% (FeO - Fe.0,) - Ca0 1500 (2730) 0.1 (€a+%) — 0.9

- Si0; - AlLO; glass

6. udwawia 1h I Tonic conduetivity 119%73A397 IWAUUD Electronic conductivity
7. msasundas temp 114 ratio vean sy Il dradunlfeuulasly

IONIC CONDUCTIVITY (in Ceramic)

a
@ o

a : - ° = [~
M3 I Tonic conduetivity fin 115191 TINAT Ton Wuminzalszy dnfuas
d‘ L) dy = 1 d - -
Usznovih Ifhuuuieeiiiusesznivezaonlulnseadrailu ionic bond Y11ALT29Y04 Ton
¥
uARzAZIURY Valency U84 ion 19{ WIN Divalent ion ﬂzmmﬂﬂsxq =1.6x 10" x 2 coulomb

Mechaism of Ionic Conductivity 14 1n598519909a171 52 noUNBATUA2E Tonic bond ion+

(g £ . I~ T . ok ! u!: a ) w :1’
120005 OU ion- UAL jon- NOYTOU jont 1WEAIWYNA ion 119 2 1AV balance 152U ALY

A5Nei 1y ion e lardaniandouneen Ui Wi vSensfeell ion 11nM0UBN diffuse
9/ = v a4, Y 9 9w P =2 ' : ' = w
W lu Iassafraiodi i 1z dea ldwdsauneze1ruzis s9as2 1374 jons f19viaiL 1

Tnssarsrudonou Aedesl¥ndannuun ion WINNE N UAUWINEIIIY energy barrier HINTN

4.7 nOU

77N

Enorgy

NN 4.7 Energy barrier that must be over come before an ion can
~ . . & ~ 9/
move from its position to a new position. (91 Ref. 1 ¥4 212)
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110 hole; Hole f1'11ifl ion + i1 11JogiSen1 “Unfill hole” m31/52n0uers1ART unfill hole 1nniae
fivpa31ald ion+ inAouiilu Tnssadruierh i 1duas e i 183 Jumens st ndis
unfill hole floefvzdadoals ion+ inAeufivh Indh luTassatrarios Sai1lwd18%is
4) Point defect Point defects 1 4 ¥1ia lAun Schottky, Frenkel, Vacancy (L81Z Interstitial

Defects 1infnu1 185 0u defect manaudaludan Engineering Materials 1¥ 1Unun2ugtosdn defect
mafinanynzedels? AT 4.8 wArAe Point Defect 13 4 i 95T Point defect mnirlavzsin
i Energy barrier é’haa"tﬂwhéu ‘L!’Elﬂ%'lﬂ‘lf\/acancy defect iy site 197 ion ‘ﬁﬁw"l%lﬂuﬂ?;auﬁiu

174 v ' 9 v
Inseadradae aoiuTaoin lgsersdsznouil defect 11nivi1la Tonic conductivity azndumniy

(@)

(c) (d)
WA 4.8 Point defects that commonly occur in crystal structure. (a) Schottky defect.

(b) Frenkel defect. (c)} Vacancy, and (d) interstitial. (970 Ref. | n1213)
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o

1) Oxygen sensor 2) Oxygen pump 3) Electrolysis

4) NO, and SO, decomposition  5) Solid Oxide Fuel Cell 6) Na-S Battery
& i 3 9/ LY 1 1q ¥ I~ as Qs :: 1 1 =2
1U®9971 applications maﬂumu‘lwaﬂ% doped ZrO, WUHen AalUADUIZYDNE1INIT1Y
a2198AVD4 applications UAn152NNIZYBNA1IDG doped ZrO, DU
= v = = o T . = g =
ZrO, 13907 “Zirconia” L‘ﬂuﬂﬁﬂ‘igﬂﬁ)ﬂﬂﬂﬂﬂﬂ']ﬂlﬁ Zircon (ZrSlOd) Unaudlausana
=3 Il &1 5 1 2 = = o
1w Polymmph"lﬂ 3 Crystal structures A® Monoclinic, Tetragonal L81% Cubic Taaf form Milu
Monoclinic stable? Temp 0-1170 °C: Tetragonal stable 1 Temp 1170-2370 °C 1182 Cubic stable #1
' o ]
Temp 2370-Melting Point "C msulaou Crystal structure UATEATIIN wihliinamsdsuntlas
2 & o = B il - i B o e
volume 414 5% Fagaunwonzin IinAafainf191n Zirconia nansuan’ld daiudnine-
@ A o =1 1
s vadnozaunu i Zirconia At 14u AT Crystal structure iRvaABITU Cubiclunnae
AMUMA (TunI1 “Cubic stabilized Zirconia (CSZ)* #3111 19 Iaomsunuf zr' tadaluTaseadrs
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< = = =~ 1 1 \3
LEAS LASNINT 4.9 31NN TWILIHY Oxygen form bond (1w FCC e Zr BgATN tetrahedral hole N4 8
iiiagn dope DLADUUDI dopant (1Y Ca) 141 1 /UNUNDLABIUBI Zr 14 tetrahedral hole 119 hole
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Table 4.3 Application of lon - Conducting Ceramics (310 Ref. | M1 216)

Application

Material options

Oxygen sensor
Oxygen pump
Electrolysis

SO,-No, decomposition
Solid oxide fuel cell
Na-S battery

Sodium heat engine

Ion pumps

Lithium batteries

Molten carbonate fuel cell
Resistance-heating elements

Galvanic cells for thermodynamics
and kinetics measurements

ZrQ, solid solutions with CaQ, MgO, or Y.O.

Same

Same

Same

Same; §-Bi-O;; Bi.0:-Y.0s: ZrGd.O,

Beta-alumina. beta"-alumina: NaZrSiPO
compositions: Na,5-GeS.-Nal; Na ion-
conducting glasses

Beta-alumina. beta"-alumina

Beta-alumina analogues

Lil-ALO,; Li-Al/FeS

Li,CO;-K,CO;; LiAlO.

Cubic Zr0O, solid solutions; CeQ,-ZrO,
compositions

Doped ZrQ., CaF,. ThO,, and others
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/ Outer Pt gauze
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MWN 4.11 Schematic diagram of a solid electrolyte oxygen probe suitable

for the measurement of the oxygen content of gases. (210 Ref. 8 M 159)
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AT 4.12 Section through a ZrO, oxygen sector for use in an internal combustion engine. (311 Ref. 8 M1 160)
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AT 4.13 Schematic of tabular oxygen pump. (310 Ref. 1 n111219)
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AT 4,14 Key element of a tabular SOFC (310 Ref.10 1441 210)
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AN 4.15 High efficient solid oxide fuel cell (310 Ref.10 11111 211)
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AT 4.16 Schematic diagram of a simple zirconia solid-electrolyte fuel cell. (370 Ref. 1 ¥1i1221)
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NN 4.17 Schematic diagram of an Na-S cell. (310 Ref. 8 N 126)
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ELECTRONIC CONDUCTIVITY (in Ceramic)
= i 1 wa o) = = ar
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WAV insulator 1 “Tnsulator VeHUDUNWGITUN valence band 92 Jully filled B 1s overlap
% o ar { ras 4 a/ i ) 1 1 { 9
AusgAuwasunagaady 1 dsniwd 4.18 H1197 145 energy state 3199 14 valence band M9 19
oo o e? " g A& Yar 9/ n‘-‘ly
electron NUNAUFIGA 1Y valence band V1 Tog laiiie IdsunsnIzAUIINAIUEA LENAL]
[ L 9 '
a 1 ' a i = gt 1o v oW o
F1NMI15211779 valence band 11 conduction band 923 energy gap mmw"lwagﬂumwag AU
o
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t:ayI 3| { o ]
conduction band 8oy Touilumawafivi lf insulator 1 Infh 1dTeun

Ebr:géy Comduedion band_

t
Energy required to i
Energy raise electrons into MEJM b?‘f\

gap conduction band

Filled Eﬁﬁ‘ 7 :IE! = ;!EEEE E
band T

ATWN 4.18 Schematic diagram of the energy bands in an insulator such as MgQ, or Al O, showing

the large energy gap between the filled band and the next available empty band. (310 Ref. 1 Wi 229)
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A % mmpurity NNWITIHUN P aAa (=0 NN 1 % impurity WA
° . [~ o
M a151Us2nou Ceramic 114911 11 unnuau (Insulator) tazd@dmumm

(Ohmic resistor) ®a1eq ¥taluls Idhaananalumisien 4.4 uazniwh 4.21
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Temperature, °C
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AN 4.19 Effect of temperature on the electrical conductivity of ceramic insulator materials. (310 Ref. 1 ¥111 230)
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AW 4.20 The effect of temperature and impurities on the

electrical resistivity of beryllium oxide. (310 Ref, 1 11 230)

Table 4.4 Some Applications of Ceramic Electrical Insulator. (310 Ref. 1 ¥111231)

Integrated circuit chip carriers
Substrates for printed circuits
Spark plug insulators
Power line insulators
Electron-tube cathode insulator
High-frequency tube envelope
Microwave tube components
Thermocouple protection tubes
Filament support for incandescent lights
X-ray tube components
Television and oscilloscope components
Computer components
Household appliance components
Automotive electrical system components
Aerospace components
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AL e

i ,-‘-.F-.---.
;

--l.--.

iitiranceeEssas

AN 421 rothanstussinu1daums insulator Az resistor 1) aninelilih 4) ey ) Substrate

F1W3U printed circuit A1) Thin-film resistors on glass and steatite substrates ) Thick-film resistor networks on

‘qnapstrate‘ alumina substrate 1) Various thick-film resistors ) hybrid microcir cuits. (910 ATATIAT Wwna 7341

ﬂ‘Ll‘U‘Vl 2 MU 12 Ref 14 14111 480 AL Ref. 8 ‘H‘Ll'] 127)
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(¢) A TUMUITATNAY (910 Ref, 11 W 41-43)

SEMICONDUCTOR
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Mechanism of Semiconduction
114 semiconductor MUATMLSANSVeeT1sUszReveeniiiy 2 ¥iinde
1) Intrinsic semiconductor 2) Extrinsic semiconductor
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Table 4.5 Value of energy Gap at Room Temperature for Intrinsic Semiconduction. (311 Ref.1 N1 236)

Cryvstal 2 N2 W) Crystal E. (eV)
BaTiO; 2.5-3.2 TiO, 3.05-3.8
C (diamond) 5.2-3.6 CaF. 12

Si 141 BN 4.8
Ge 0.7 Sn (grav) 0.08
a-SiC 2.8-3 Cdo 2:1
PbS 035 LiF 12
PbSe 0.27-0.5 Ga,0; 4.6
PbTe 0.25-0.30 CoO 4
Cu.O 21 GaP k9.5
Fe.O, 3.1 Cu.O 2.4
Agl <2.8 CdS 2.42
KCl 7 GaAs 1.4
MgO >7.8 ZnSe 2.6
_AlLO; >8" CdTe 1.45
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o’ = 1 1
qﬂmm‘lwﬂwuﬂma 9 1¥U Rectifier, Thermistor, Varistor LL1fi% Heating Element %50 Electrodes

Table 4.6 Partial list of material which can receive additives or annealing

treatments to achieve extrinsic semiconductor. (210 Ref, | ‘Hfﬁ 237)

n-Type
TiO, Nb.,Os; CdS Cs.Se BaTiO; Hg.S
V.0 MoO, CdSe BaO PbCrO, ZnF.
U0y CdO SnO, Ta,0; Fe.O,
Zn0O Ag.S Cs.S WO,

p-Type
Ag0 CoOQ Cu.0O SnS Bi,Te; MoO.
Cr:0; SnO Cu.S Sb.S; Te Hg.0
MnO NiO Pr.O, Cul Se

Amphoteric

Mn,0, PbS U0, Ge
CQ_\O; PbSe IrO; Sn

Table 4.7 Some semiconductor application of ceramics. (310 Ref, 1 N 238)

Device or Application Base Material with Suitable Doping
Rectifier Cu,O

Thermistor BaTiO;. Fe;0./MgAlQ, solid selution
Thermal switch VO, V.0,

Solar cell Si. CdS. InP. TiO.. SrTiO,

Varistor ZnQ. SiC

Electrode Ti,0-., LaCrO,. LaMnO.. La, :FeO:
Heating element SiC, MoSi,. graphite

Sensors Zn0. SnQ,, Fe.O:

[~ ol ] w =
Rectifier ngdnsaiildulaen Iihnszuaady (ac) dulwihnssuanss (oo
5, : o Il o o wa a
Thermistor (Thermal sensitive resistor) (1 gUnsalNinnasUsznouninaauifnie
= a1 1 % o, 1
A0l Electrical resistivity 1130 1ugaingiind1auin w1l Thermistor ooy 2 861970 2) 1IN
Negative temperature coefficient (NTC) N b) W3 Positive temperature coefficient (PTC); WIN NTC
] 1 Fd 1
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= 43 A = 5 =t o 3 9/ Lo 1 3o @
NN Mlguy Unsrine NTC uaz PTC /ld1lse Tominren wnune i 14iniaia
= ' o | o o [ o
UMY (Temperature sensor) LLUUAI AININN 4.25a, b, ¢ ;1%1’11 Heater 11151 start 1UT00UAN

'
= 2 =3

y o [ =i 4 U
141nT090UA diesel AN 4.26 130 Heater TunTouthnudnds fanini 4.27

]

o3 e o 7 A wa a
Varistor (Voltage dependent resistor) Lﬂuqﬂn‘imﬁm%Wﬂ’mﬂwuﬂmﬂuwwmyﬁa

Electrical resistivity L5013 Volt i apply N@1ABEIGN apply volt f19 el resistivity g3
vnl#nszua il Inarusiu1édoomn uadrgn apply A28 voltage 799 Tl resistivity #1310
dldnssualdfh inarnldun a1 4.28 uaas nsmnszuaiviith @ Alvarmg varistor #e volt
(V) M apply 7061901591 varistor Tl nmdeldmdaduthimialdfumsdaluihluaees
i Taufinan 1§ uezde Varistor vuuiuieshidesmstlessudann 4.20 luanizalnd

g =t ° . 2 o . o (e a 3 =3 ' - 9 9/
volt 1124 VIVSHAINY Varistor 39U Electrical resistivity g4 frariu Ilihae Tnar varistor 1atioy

1
v
& - [ = 1

A a 1 o It a '3 3 5 g o
uatafaf IHIM T BIRANTAAI9TTUANUAARENUSIUNYINADIVBY Varistor 9z gy i1 lv
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B

NN 4.25 (a) Automotive water temperature NTC sensor probe. (b) Surface temperature monitor

NTC probe assembly. (c) Microwave oven NTC temperature probe. (210 Ref. 12 W1 275)

e | &

NN 4.27 PTC honeycomb air heater and hair dryer. (910 Ref. 12 i 318)
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AN 4.28 Typical current-voltage relation for a voltage-dependent resistor. (917 Ref. 8 M 130)

Circuit to be

protected
Source VDR

NN 4.29 Use ofa voltage-dependent resistor (VDR) to protect a circuit against transients. (310 Ref. § H 131)

. % s 0N g X = 1 - o
Electrical resistivity ypatinaziaiasng ihve Tnaru Varistor Tamnildassua lwilhlva
1 . LAy o PR) g T y m w = % . =
Y circuit NABanstloanuIddos AnTu circuit NUaoasy AR 4.30 2, b LAAITU Varistor B1IA

a199 N4 Turees I uazn i 4.31 waas Varisor vua na) 19tudhei luaatil Wi

AT 4.30 (a) Silicon carbide varistors: (b) zinc oxide varistors (911 Ref. § i 137)
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AN 4.31 Large power station arrester containing hundred of ZrO

varistor disks each > 100 em’ in volume. (310 Ref, 12 Y1111 374)

) & = ¥ =q 9 9/ ' :
Heating Element #30 Electrodes 1WuAnNuiounlvanudouune i Heating element

Y o
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Hd
=) =2

= 1 = 5 a ] g
130 Graphite uAMINABY1Fa 11 g igsiun199z 14 Platinum Fanu'l@ds 1500 °C edralsfinu
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< dyw 9/ Yt = = ! ' v = .
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U a = e a [~ . o e o
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1 ¥ "
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C1]

9/

LU oxidizing atmosphere 91 Ceramic 138 Cermet Gld;ﬂﬁﬁl"]fﬁ)uumfl 5 91AfAo 1) SiC 2) MoSi,
(Molybdenum Disilicide) 3) LaCrO, (Lanthanum Chromide) 4) SnO, (Tin Oxide) 5) ZrO, (Zirconia)
AN 4.32 LR Heating Element ﬁﬁmmi’mﬂﬁﬁﬁﬂ@mq

FIMIU SiC LfEMoSi, Lﬁ@i%&?ﬂﬁfﬂ]mﬂgﬁq&ﬂ lu oxidizing atmosphere 92 form passive

Silicate film 1H{uAN01 1 1HIRA oxidation o118 Tanusen1s1duf oxidizing atmosphere
Vv

8 :iy as = [~ 1 @ g 5
TEAUNUY HBNDINUVINATUIE apply tAADUY film V199 ¥rotloany 151% Heating clement
= dyc:\ o . = 3 ] 9 1 =1 = =) :? 1 J 9
YUAUNA oxidation DNFUNTIIAIG D819 15AA1Y Heating element ¥ilntiaz lunuaanis 19auly
% ar 1 ° [V [~
reducing atmosphere IW31¢ atmosphere A4AA1I9Z 14 silicate film naneiiiule 'y

o o @ a i e = o 3
Sensors Lﬂuﬁgﬂﬂmmqmmmmm IFU 17 gas 9211)Y Gas sensor ; Gas sensor (11

4 o e o s @ oA 3/ e o 9/ [ 9
pUnseinsI9dn gas FuhnuTavordondniiile gas gn absorb 11 lUNAw0s Taqudaezsi ¥ na
auavesagufounasll wumzi IWfuGounlasly ilesnnmsnlavunlasve s
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rutavesiagazulInmulTum gs fiesinia dniusienusoasianmswlaouudas wuns

o [

i I aeu lud luswouuenUSuiaves ss fivinsasiniald dredieues gas sensor

£
= Qs

11 Oxygen sensor fina12 luda luriadiorou uenaniidall gas sensor ¥iladua Bran AT

=2

) @ = =t =] ar
4.33 TR diagram L0 ANYMTVDI gas sensor “U’E'Ni]'ﬁﬂ“h’x‘lllélm?ﬂ!.aﬂﬂﬂﬂﬂﬂ@llﬁﬂ'lﬂ scale TR
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AT 4.32 Various types of high temperature conductors; (a) silicon carbide; (b) lanthanum

chromite; (¢) molybdenum disilicide; (d) tin oxide electrodes. (310 Ref. & ¥111 120)

Heater
Electrodes

1 mm = Sintered SnO,

10 mm

NN 4.33 Tin oxide gas sensor; (a) schematic diagram; (b) commercial unit. . (310 Ref. § W1 167)
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SUPERCONDUCTOR

k1 = @ a o o« o >
Superconductor qﬂﬂuwuiuﬂ 1911 TaetinINeNMans ¥ 1INUITOSUAUATD Heike
Kamerlingh-Onnes WANAINAAD resistance MAIVDINH E]Glﬂ“‘] 11921AA91N thermal vibration V94
@ 3 o 3 2 a o o ag Yo v o
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. 4 1 " s ' = 1 9 T A
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= = a ' . ' = e 4 & ) o
gaunaUD 4.2 'K Y5107 resistance 0AR981939A5 9 1mMAD “gud 2 1iuswaziiluads
nsnlula ﬂﬁﬂJlngulﬁ}WUﬁU “Superconductivity”

Mechanism of Superconductivity

o a o ) = o 1 12 o =
HATNUIFTATH D189 ﬂuWEHEﬂfLIH'Iﬂ'IE)‘ﬁ‘UWEJ‘ﬂi']ﬂ;]ﬂﬁﬂ! superconductor e luifesue

= 2 = @ ] w = o
Tafutlunwels 9uN32W9 John Bardeen, Leon Cooper i@ Robert Schrieffer 32uAu 051891151

=

o o o g = ' = ' P el
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04999 Critical point NN electron WAUANT U A901W 4.34b ndoun 1 luTnseads
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Wovaudy Wewunz@utlutauniounsammistasarvauniai Wi 1dahge
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Ly

O @ @O
&) Normal conductor

_ 8

b) Superconductor

?
?

AN 4.34 Schematic illustrating the difference, according to the BCS theory between

normal conduction (a) and zero-resistance superconduction (b). (311 Ref. | WL 241)

Characteristic of Superconductor

=

Superconductor UM auTAszIAINTAYAD

. 2 ¢
1) Resistance 11U “gua”
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= = 1 & = oo = o = I~
2) uguugimvislnad e Niaaezi/feunn conductor sITuAUTL

v
ad 0

superconductor (3 BAYUNYUUN “Critical temperature (T))” HTUUION T, =4.2°K

U

=) a
%39 —269.4 °C
. o ' £ 1 g a 1
3) Diamagnetic (ldoouliauuuumanianig)
o 1Y i o v [} =1 T o s 9 w u’: 2 9
#1131 material 5351017 Ivzoou i aumuimaniuiiveaiuld suiuiionadou
1 a o @ 1 < o ar 3 9 | g) o a A s
wimanuuIagia ludmdnssiuuudagiug Tdmileumsnavesdousulnd Sunnaautia
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HUUHN “Non-diamagnetism” @401 4.35a LUATINTY superconductor vz Ilsou ¥ auuuiman
1 o w s 3 i o 1 = 1 =4 (]
iy dnfudierideunaiman e superconductor iduusamimanag liemnsangqih.
9w 3 o 9y ] [~ a ' V) ~
1w superconductor 1afanIni 4.35b ﬂﬂﬂﬂﬂHLLHLﬁﬁﬂﬁﬂﬂﬂ?ﬂgmﬁﬂ superconductor ANNTNN

= ot 1 ' =1 1 ' .
4.36 Liﬂﬂﬂﬁ]ﬂgﬂWEmﬂLLVNLLmﬁﬂﬂﬁﬂﬂﬂQmﬁﬂ superconductor 31 “Meissner Effect”

Non-magnetic
Magnet non-superconductor

Superconductor

(@) (b)

NN 4.35 Comparison between the interaction of magnet with a nondiamagnetic

material (a) and a diamagnetic superconductor (b). (310 Ref. 1 M 242)

' L3
R W7

MuA 4.36 ueAelsINgNI58l Meissner Effect (910 Ref 21 M1 92)

15BN AN Superconductor

@ ==Y 9 | Y
M0491N Kamerlingh WU superconductor 111/50niuaniin1sAuadnunuIfy superconductor
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Nb,Ge 10813 15nunAdIAIE T, 7l Temp f19 1nd9 0 °K oty Guiluguugifnduduly'ls
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v =2

9 o’ | a
MUZAUMS 159U dnanemaasvaneeuAuaniude 111utl 1960 in13Auny superconductor

& de = o 1 N b Qo v o A o
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{lﬂi]‘uutlﬁﬂs‘iNﬂi‘iﬂuﬂ?ittﬁxwmumﬂllﬂﬂﬂ!jﬂﬂ“] IWDM superconductor N T, f;[\?%m’t]ﬂﬂﬂulﬂ

Application of Superconductor

v Sw e @

@ . % 5 b o
1) 1dnT9eMaeiaTn IWuDL Magnetically levitate train 910 superconductor @a1/1450 1wl

- 1o o o [N i o 1 = 1 ar o
e lududadusiesaninm 436 Ml bidusudoaniuszriedeiusgs adusalv
e 9 o @ ot 9
1570 tazdsgndandsauiuinaie
’ Y o ' 3/ & g g9 7
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9/ A ] ' ) o 9 [l 9) 9 o 4?
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4) THiudufundsau v

Seco::sai?n Helium reﬁ'lgeramra

Auxiliary gmdeﬁé
wheel =h
tank Superr;onducmlg
magnet for 4415

gmdance . =

Ground coil for ~ Auxiliary Wheel Sliding shoe Ground coil for —
guidance wheel track  for emergency suspension ——
and propulsion b)

=1 - . - . . . . . .
NTAN 4.36 (a) A Japanese National Railway train that uses Nb-Ti superconducting magnets in liquid-helium

cryostats. The train is designed to travel at 400 to 500 km/h on test track. (b) Cross section of an advance levitated

train design. . (310 Ref. 13 M1 832)
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INAUMS (a) AU (b) 187
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AN 6.5 B-H initial magnetization curve for a ferromagnetic material. The slope M, is the initial

magnetic permeability and the slope £ is the maximum permeability. (910 Ref 17 WY1 664)
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UNN 5 Dielectric Properties

Introduction
a9 9 1 o ! g . . =
Tuuniudaldndndsasdsznovmsiiiafuliunuau i Electrical insulator) U19wiiad
wa a 1 <] VA @ a
auauiairynateoymadny lulassadevesssdseneumariiomsadada ldmufiam

vosm Ilihmnnseiduanslunin 5. Sonquauifnisiadvesoyninlulasiaisves

b4
insulator IMA1UN “Dielectric properties”

IR + electrode

IS - clectrode

IR — clectrode

T + clectrode
(b)
4 w ~ 4 3 o o
NIAN 5.1 ﬂ1ii]ﬂ€l‘l§ﬂ'lﬂ“ll?)ﬁﬁ'liﬂi$ﬂa‘i_l dielectric MuRArMIgve w1 I nnszsin a) U + VBIBUNINIZHU

ar n‘/’ 4 ar r:: =1 o = [ o
dudmdnavvessu il o) WeadudiaunlnliheymafziaGoefinniseunialniliaeandsatiuly
(310 Ref. 1 111 252)

Polarization

4 ' =2 g i
iisoymansedudsznouvesTnseadninvesmsdszney dielectric gnauu T

REFARD ALY dipole moment (p) A4ATHT 5.2 ; ANV Dipole moment s ldnneunis

p=qd
1o q Aedszy uaz d Aeszezrleszninasey

&
J

AN 5.2 Schematic representation of an electric dipole generated by two electric charges ( of magnitude ¢)

& : <) &V
separated by distance «; the associated polarization vector p is also shown. (310 Ref. 4 Y11 625)
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1 o 9 [ & 9 A o Y a .
og10 lsnam ludeudaquilsszneudisoumaiivh 1¥ifa dipole moment vaty ) oynn

£ ] L H Ed
auTeiIew term Inaisie 1y dipole moment sauvanuafiiAndiuluiag i Polarization
Polarization (P) = Total dipole moment per unit volume = Zpd / Volume
! = ’ = = - . 3| ' o -
LIU4 polarization ATWITNTLNA polarization ooy 4 o819 Aataaslunnd 5.3 fe

1) Electronic Polarization 2) Orientation Polarization ‘}ﬁ"ﬂ Molecular Polarization

3) Space charge Polarization 30 Interfacial Polarization 4)Atomic 1159 Ionic Polarization
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Electric Electric
Field Field

Orientation polarization

clolojop isaiclolole]c
OO0 = 0060
O®O® OO0
®OO0 clolelele)

Space charge polarization

Atomic or ionic polarization

1WA 5.3 Schematic representation of different mechanism of polarization (310 Ref. 1 N1 253)
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(@) : (b) (©)

AT 5.4 Electronic polarization (Schematic) (a) No external field. The electron are equally distributed around the
nucleus in the shaded area. (b) External field. The positive nucleus shifts toward the negative electrode. The electron
shift in the other direction to separate the center of negative charge @ from the center of positive charge@

by the distance d,. (c) The dipole moment, p,, is the product, Od_ ( O being the charge) (910 Ref, 14 W 471)

2) Orientation ‘H’?@ Molecular Polarization 7'® Polarization ‘ﬁllﬁﬂn},uﬁ iiﬂﬁzﬂﬂuﬁﬁihmfjﬁ
&4lierunns (nonsymmetrical molecules) #306714111 (H,0). HCL CH,Cl msszaeumaniiazii
WIN polar molecule ﬁﬂﬁﬂ%ﬂﬂﬁuﬁﬂﬂ agludnguan Srhudes apply e I ldiuTadada
Tmiifuda + vossauos e - vesml Wiz £ - vosFues e + vosau i

£
AN NN 5.3b 1Ag 5.5 Polarization UULHILI dipole moment ¥10NI1 Electronic polarization

1-1%: - _l_
t 2 .

I de
() (b)

WA 5.5 Molecular Polarization ( Schematic with CH,CI. Asymmetric molecules possess positive and negative
ends and orient themselves in an electric field. (a) Electron regions are shaded. Hydrogen atoms are protons at the end
of'a covalent bond. (b) Electronic dipole. (Center of positive charge, @ ; Negative charge, @.)

(910 Ref. 14 1111 472)

' 4
3) Space charge Polarization 7® Polarization Mifavuluesisznou dielectric MY impurity

T 1 4
T, i ==t . = ' g ¢ 4 el
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particles U4 impurity 118113993898 TAn T e e m IWFhN apply Aeaw 5.3¢ uag 5.6

AN 5.6 Space charge polarization. When conducting particles are present with in a dielectric, polarization can

occur. Each particle develops a positive side and a negative side in an electric field. (310 Ref. 14 n 473)

4) Atomic W15 Ionic Polarization f1® Polarization MAAIINMIIASHIAIVOIDSABUNSD ion
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(a) - Z (b)

AN 5.8 Perovskite Crystal (BaTiO,). (a) Normal structure (b) Reversed polarity. The Ti"" ions displaced
downward and O ions are displaced upward. Either polarity is stable until reversed by an external field.

(917 Ref. 14 W11 484)
e A
G o= BE
[
()

e A = surface area MBQLLPiu":fﬂﬁ] © 1 = 52881195219 electrode

= = 4 o S  w o w 4
Capacitance (C) AnTanalszy Idhiignmileni-nudn 13 udrdaquion apply auu

Tl lehdn 1 Vot

68
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A9E19ITNITN Dielectric constant ﬂjﬂﬁfjﬁﬂ M
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WA 5.9 A parallel — plate capacitor (a) when a vacuum is present

and (b) when a dielectric material is present. (210 Ref, 4 ANR| 624)
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UBNNUGIN term DANBNHUINARIYY) NU K AD Relative dielectric constant (K) @93aN
A ratio Y84 K 49938913 K 494 vacuum
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U

Table 5.1 Relative Dielectric Constant for a Variety of Materials at Room Temperature. (310 Ref. 1 ¥1111256)

Marerial K’ Marerial L
NaCl 5.9 Fused SiO, 3.8
LEiE 9.0 Steatite 3.5-7.5
KBr 4.9 High-lead glass 15.0
Mica 2.5-7.3 Soda-lime-silica glass 6.9
MgO . 9.6 Zircon 8.8
BaO" 34 BaTiO, ' 1600
BeO 6.5 BaTiO; + 10% CaZrO, + 1% MeZrO; 5000
Diamond-’ 5.7 "~ BaTiO; + 10% CaZrO, + 10% SrTiO; . 9500
Al.O; 8.6-10.6 Parafiin 2.0-2.5
Mullite 6.6 Beeswax 2.7-3.0
TiO. 15-170 Rubber, polystyrene. )

Cordierite 4.5-5.4 polvacrylates, polyethylene 2.0-3.5
Porcelain 6.0-8.0 ° Phenolic " 5

~ Forsterite (Mg,SiO.) 6.2

ensisznoumsiinfidly insulator 3517 191 Porcelain, Mullite, ALO,, BeO Liag AIN 1)
° ' - Y a o o Yy @2 q9Yo !
K @11 msrzdioymalulassaiiufa polaization ludalddes Seldiudunuiusssua a gn
dav il urv substrate (ringealuumarans lilfh) nazauavvesiafioudendluumii 4 ud

= = a = 1
asssnoursiinfidly insulator Wiwil K' 947 1M31817A polarization 1811n 13 BaTio, vzqn1d

1 o o wid " @ 4
MM electronic (uilurindunusey Inlih (capacitor) dan1wd 5.10

AT 5.10 (a) Ceramic disk capacitors (b) Varieties of multilayer ceramic capacitors (917 Ref 12 N1 85-87)
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Tl (i) msrzaeiunsiingaumngiivi i polarization 3ilafifaosa
x S 2 a0 q W = v a P =
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E 1 £ v
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Wumaingungiazyin 1y polarization ¥ilatinnd
§ ! /o = = = o
A 5.11 uaasmsfasunaswes K degaivigivesmisUszneumsidnuisaiia ssisiy
v ' E ' T
1 K vasansisenoumarfilinuiniuiiogumgiiiuiu 1easdn major polarization Y0413

Vv
s o
sznovuriaiiilu polarization uuyla 2
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99% Alx03 96% Al2QO4
10— =
= 8w B
k] B - 85% Al;04
2
b 81— =
o
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-3 = el
2 BeQ
5
Qfyr6— =t
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S =
] | l ! | |
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(32) (390) (750)(1110)(1470)(1830)(2120)

Temperature, °C (°F)
AN 5.11 Relative dielectric constant V. temperature of BeO- and

ALO,-based composition measurement at 4 GHz. (910 Ref, | N1 257)

Frequency Effect Y1031 apply AC-current (NSSLLE IWdher a) adﬂuiﬂﬂ dielectric DHNA
=] P 3 ) < v a 3 w =y @ o a a o
an it ludaghaznduiiamiad + uag - vesuamunamavesnseua i aduiilasufing
H 1 =1 v a 5 =
AN 5.12 8819 15AMUMTATURANINN + a2 — W9a15Us2n0Y dielectric 0414787 oAy

i ' 3
dumnduvesnaiosiganiaeslFlumsndudiveseyninil “Relaxation frequency” (= Reciprocal

i : ; ] o 1 . o d

of minimum relaxation time) A3 apply AC NUAUDAINI Relaxation frequency 91N 1AVDIITAN
ar :1) o s 3 ¢ o = L 1 o

WA WITONAUT 1A A1l polarization Adensiiagaa'l) uAdsT apply AC AT frequency Tigs

U

b
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29 1 s 3 @ Y ° a ' = '
N1 relaxation time 8Y AN IWaWIsaNdUTIvDIFU 18T T l#ifn polarization 1/ 1d8nee 1o
' a3 Y =] ' o = . . 1
A1 dielectric constant NazNAIRIAS AR 5.13 1A dielectric constant A0 frequency YOITI

1520 dielectric U19F1A

1111 48218

-== o+

+ o+t

(a) (b)

WA 5.12 Dipole orientation for (a) one polarity of an alternating

electric field and (b) for the reversed polarity. (310 Ref, 4 M1 630)

(e)
L~ \
© (@ \

20

-t
w

Dielectric constant, K'
-
o

\ N
5 \
(a) o
0 1 1
0 2 4 6 8 10

Frequency, log Hz

AN 5.13 Dielectric constant versus frequency for various ceramic material. (a) Fused SiO, at 100 °c

(b) fused Si0, at 400 °C () AlSiMag A-35 at 150 °C. (d) ZrO, porcelain, and (e) ALO.. (210 Ref. | #111258)

3
Frequency GG polarization TUAA1I4 A1
. . 5 o = & . A = csyd =
1. Electronic polarization Euﬂﬁi}"lﬂﬂ‘l.gﬂ'lﬂﬂmﬁ@uulﬂ’ﬂu polarization %uﬁmﬂuwﬂ 1ALAN
= a u’: 2 a 1 LY o 1 = 3
A9 electron IAY proton AIUBYNIAYINANUAABMITIToaaY T TAmumsn]Goudaves
9 £ [
au Iihedadeals axdu frequency UHWAMAB polarization ‘Huﬂuﬁﬂﬂ%fgﬂ: relaxation frequency
v
Y94 polarization ¥ATITINAIFIGA
. Orientation %38 Molecular polarization aﬂu‘nmwumm polarization %uﬂumﬂ 11NN137
ﬂ'ﬁ‘U"’U’J‘UBQ polar molecule mmmﬂmanmﬂuaumﬂmmﬂclw'm m‘sﬂaummuwmjmﬂum
W7 apply Sai 180 daiiu frequency 39TIHARBATSIAA polarization LULT 141NN electronic
£ '
polarization LIQ¥ relaxation frequency U84 polarization FUANTINAIAIN V04 electronic polarization
S g o = @ : 5 . : = 3
3. Tonic 150 Atomic polarization Auluiueufeai Uiy Orientation polarization NNA1
' o [ VY - o Z . . @ a 1 1 '
10A7 0613 130MuN5UEUAIYDS ion 14 ionic polarization Fnazifa ldnaounandn polar

Ed ¥V
molecule Y94 Orientation polarization A4 relaxation frequency U4 polarization %uﬂuﬁwmq 3

A71904 Orientation polarization
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{ 1 o = | e
AW 5.14 LAY Polarization #18 frequency U93ITR dielectric VINNTWISIWUNN frequency
al z p 7 o 1 4 1w w = i i 9/ =
A1) dielectric constant YDIITRITUAFITADY Lﬁm%’lﬂ’lnﬂﬂmﬂamﬂ polarization ulﬂﬂi‘l]‘lﬁ]ﬂ‘}mﬂ

/

sy K =K +K, +K +K,

g

(Dielectric constant =Electronic dielectric constant + Atomic 139 Ionic dielectric constant + Orientated
%358 Molecular 159 Dipole dielectric constant + Interfacial E Space charge dielectric constant)
GiE)iﬂLﬁmﬁ‘JJ frequency “ld?uﬁd relaxation frequency U4 Interfacial W30 Space charge
polarization i i polarization Tﬁﬂﬁyﬂuﬂqﬂ K,=0 ﬁlﬁgu Dielectric constant 3&0AR ;
LﬁﬂLﬁﬂJ frequency ﬁu"l.ﬂ%ﬂwﬁa relaxation frequency 984 Orientated %30 Molecular #30 Dipole
polarization i polarization ﬂfﬁﬂﬁyﬂuﬂhlﬂ =0 ﬁ'ﬂlfu Dielectric constant 3$AAAION :
LflI{E]LﬁM frequency f91U8n04 relaxation frequency U84 Atomic 150 Ionic polarization Al
polarization %ﬁﬂﬁyﬂuﬂ"[,ﬂ K =0 4 ‘lfu Dielectric constant 9$aAA48N : qﬂﬁmﬁmﬁu frequency 3U
94 relaxation frequency UD4 Electronic polarization Avglud polarization yialamaeluia ﬂaﬂ

. ¥ &£ = | o
Dielectric constant WiA1aARIRMAD LTI UFUE

T electronic
< ?mmx_:;, tas|

“digsle

TR N

re— intecfacial o]
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DIELECTRIC CONSTANT (K')
R e e LIS 1 L |

Power Audio Radio Infrared Visible
A i 1} L n e n i A i ; I S s 1 x Ll L
4 Electrical | Optical
Freaukncies v—] Frequencies =

AN 5.14 Dielectric polarization mechanisms and their dependence. (911 Ref. 12 N 111)

Dielectric Strength
AaANEINIa lun1INUAB volt 1 apply 1ae'luifia Breakdown (Breakdown Aon17iiimy
= e =1 i ] o I e
dielectric qauaonuauan Wiy insulator soutava Iinseua Inih Inasius s 1 I8 faudy

Qs =1 o g s 2 1 o 1 1 ny % 1
7131001l usi717) Dielectric Strength IvaeiTu Volt aoviinonumuIveaduieg i Volmm
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& A

5 A3 2 ) < = . ;

n3ofl¥iunndnodienilsiie Volvmil (1 mil A9 1/1000 $12) A13197 5.2 U9 Dielectric strength
[ = [ [~ 1 = ] 3 T . .
VINITATUAANY INATTINVSIHUIININ polymer VT UALYY Phenoric resin 1191 dielectric
9 1l ¥

strength qamnﬁa 2000 volt/mil HUHNIBANUIULHY phenoric resin AU 0.001 117 92

v

@ 1 w o
AMWITOAUANINAIANY LAD 2000 Volt

a a woa b o . L ad < ;

MireruladnAafe Mica Fuilu Silicate saniuiatulusssunafiaonsonuuiummiug

1#%ie7 Dielectric strength § 3914 5000 volt/mil

Table 5.2 Dielectric strength of Various Materials. (317 Ref. 1 1111 259)

Material Dielectric strength. V/mil |
Glass
Fused silica 400, at 50°C
Borosilicate
Soda-lime
Soda-lead
Ceramics
Alumina 40-400
Beryllia 250-300
Rutile -50-300
Forsterite QOver 200
Cordierite Over 200
Steatite , Over 200
Electrical porcelain 100-400
Zircon Over 200
Titanates 100-300
Mica : 125-53500
Organics
Rubber 400-1200
Rhenolic resin 2000

Dielectric Loss
- 1 Yy 9 3/ 1 B . . < = £ da = '
V]ﬂﬂ’]’JﬁJ'le’J‘lJ'ls‘lﬂ‘l«H]%ﬂ?ﬂTl Dielectric material L'l_]‘L!ﬂ‘u"J‘l«l‘])'uﬂ'lﬂlﬂ’]EJﬂ'J’lﬂJ‘l’\ILﬂ"h-lﬂ’ﬂﬂu']u

Y a

o 2 e ¥ Ao o ) lll ' £ Irln,ﬂ
537uAATIN i IAA polarization 14 Wallunurumumaaudlne liveulinszua wih
14 9 3 v
Traru d9udni Ideal dielectric material 1171413 AUATINA195ENT1997 electrodes 2 T2UD
¥
auw i Ac sTues Tusonl? 1 Tnasu dafu Phase voa 1 fuvea v azsingm 90° defudanin

5.15 ogwlsnamluardusisszlinszua lifunsdau @sueia ) leak Tnarumequiy

A

] > v

= o o o o o B
AW 5,15 sruaaaarTved | uaz v vasdunudsey iha ludins garfend e (310 Ref. 15 w1 108)
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< " 3 < o 3 & 9 : 1 P = a9
dielectric 91w T dandamitsvasautn Inih1d (Tag mechanism 3 athefiaesnadsdnTurde
J ] t:tyo Y a = o = ' a i b & © 9
ao'ly) M3 leak iwuih IdifamsgaufendsnuiSondi “ifia Dielectric loss™ davzinlHi
5¥N319 phase ¥04 1AL V 111yn 0 =90- O AenIn 5.16 Bayw O (delta) WINLEAID Loss G410

HuuLaad Dielectric loss ¥94789 1A tan O (59131 “Loss Tangent” A19D4 loss tangent 11114010

n ]
Tans = £, = —L = Loss Tangent
K 7

e K= Relative dielectric constant 11a% K = Relative loss factor

aszua i RAD 13Ty dielectric Aimrhidudaful sz

=
Ii

L = nyzud hngadeluuey dielectric

= v o { o = w P
WA 5.16 Avuaaaaved [uas v vasdunulsza ihfilinsgadondssnufaiu (1 Ref, 15 111 108)

‘:!' 5 c; . a |l o u'z I~
A1914% 5.3 UEAY Dielectric loss 11 25 °C Y84 Ceramic FHAA199 Taanalld il
Polycrystalline crystal 923 Loss tangent 2UNAN Single crystal 1131900 18 a1 Tuen
WA capacitor?

Aol

o a T = o a . . [ =
Mechanism 111800 Dielectric loss. niisauvgvhlding Dielectric loss Tuiaaaoniilu 3

L] =)
DY1IAD
! ; & a w e 2 g 9 ™ 9
1. Ton migration ABN1IN ion VNAINY energy qdwamaamﬂu lﬂiﬂﬂﬂwm’mﬂqﬂ

(§]

. lon Vibration & Deformation

3. Electronic Polarization

. . <3| g = o a =
lon migration (114 mechanism N1 191Aa loss gegalumsdsenoumsiin vinamsAnuiwy
1 Tan O (Loss tangent) azt/aountasmugampivosTaquazanudvesauu Wil apply dae

NI 5.17 LEAY Loss tangent ﬁaqmwgﬁmm Soda lime glass IL81¥ Fuse silica iijo apply v Tl
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v = 1 :j " 3 y o
frequency A1 ') VINAMIZNU T Loss tangent V03 glass aroeaz) uegevuiogavgd

Chapter 3; Dielectric Properties

Y
"U‘Ll (A Loss tangent V84 glass T]G’c‘fﬂﬂ‘ﬂ::ﬂﬂ?ﬁ'lﬁﬂll@ frequency 1’1 apply ﬁﬂ‘ﬁ

(AR

Q[

76

Table 5.3 Diclectric loss for some ceramic crystals and glasses at 25 °C (75 °F) and 10° Hz (910 Ref. 1 ¥111 260)

Kll

P\{aterial Tan g = e
|LiF 0.0002

MgO 0.0003
\KBr 0.0002
NaCl 0.0002
[TiO (I ¢ axis) 0.0016
.TIO (L c axis) 0.0002
{Al -0s (|l ¢ axis) 0.0010
ALO; (L c axis) 0.0010
BaO 0.001
KCl 0.0001
Diamond 0.0002
Mullite —
Ma.Si0, (forsterite) 0.0003
Fused silica glass 0.0001
Vyeor (96 SiO,-4 B.O,) glass 0.0008
Soda-lime-silica glass 0.01
High-lead glass 0.0057

10

0.1

Tan &

0.01 — Y— ———
Soda-lime-silica
_glass

0.001 —

0.0001 |

1

[ i

Fused silica glass

10*Hz _|

- I

0 100
(32) {212)

200
(390)

300 400
(570) (750)

500
(930

Temperature, °C (°F)

AW 5.17 Effect of frequency and temperature on dielectric loss of

fused silica and soda-lime-silica glass composition. (910 Ref. 1 nil1261)

Capacitance (C)

Capacitance (C) ABUTunailszanuru Dielectric azau’l @o voltage 137 apply ae'll) 910

' v ¥
AN 5.9 LT UINLBIT1190HY Dielectric material 1358131999973 2 veaauin i auiw Wfes

= ¢ o g = " . 115"} o Y =
AN EJ’ZIH’]‘ITI’h?fJLﬂﬂ polarization U miinalse 2

a o a 9/ 1 = .
yiaueniu 13auazd19unIuHY dielectric

= = o . Y
ATNHSTUDIVVSLVIUTNNITATUINU capacitance ul.ﬂ'.ﬂ
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Capacitance(C) =

<

=1 ) o o " H :
(& :U‘H‘L!“JEJL‘TJ‘H coulomb/volt #59 farad : GI‘JLﬂ‘J_J‘ﬂizfg (capacitor) i capacitance (C) 1 farad

= g R T o
Ao capacitor MAVUTEY 1WA 1A 1coulomb Mmoldnrmamradndmiionii 1 volt

3
== o

Capacitance Y8490QVLYUNY relative dielectric constant aggUs19veediag  aunsAIuIM

Q@

capacitance @115 Parallel plate capacitor (ﬁ’amwﬁ 5.9) Ao

EO K'A
iy

Capacitance (C) =

P é.’l} - Y o
[$1)3] A = WUNUUINAVDY electrode

€, = Pemmittivity of Vacuum
t = ANUWUIVDY capacitor
K = Relative dielectric constant

Capacitor 1fugnsaifi ldidaiulszyluaees Inih dedrusuldluvasa Il Flash 1o

] = s 8 o = . . A
A Tuaaednn voed aet. 1900 Yag R 199 uTu capacitor i relative diclectric constant () gaga 1

i 10 ae1alsAnuludl 1943 17a35s 1Adunwd1 BaTio, § K = 1200-1500 thldiAanisulfeu
iaged19:1n 1439015 Electronic 11agA0MNUIINT dope impurity Uawiiadh 11/l BaTio, 18
il K gatuldi 18000 AounnuiagAalnaifiondn Lead Magnesium Niobate (PMN) 3 K ¢4
@14 25000 uaziagiudaomain v ansi i Taqil K = 100000
nsWanndana 12wl Tan Electronic ulaeu/aslu 1 it 1d¥a fredrausuiienen

lugaa¥ a.m. 1930 Minazih dufnlszgfiamsaifiulsen1d 0.01 e ATigUns anifoumoniis
AMWMUT 0.7785 W, 1IN Miea 445 K = 7 92@09i191numu Mica Aiidurngudng s 40 cm. s
1l a.ft. 1997 Indeamstin capacitorifianuguindu - §anaqasiolvl PMN fifl K = 25000 #3

I oW 1 1 dld ] L4 o
nuiAingidesldunuy PMN nfliduiigudnaiaiios 6.7 uu. (mathulvlinasssrig)

A10019MIATUIN AAADATIN Ref 4 M1 628
Consider a parallel-plate capacitor having an area of | in.” (6.45 X 1074 m?) and a

A
plate separation of 0.08 in. (2 X 10~% m) across which a potential of 10 V is applied. |
If a material having a dielectric constant of 6.0 is positioned within the region | &
: fracts
between the plates, compute (a) The capacitance. TS
(b) The magnitude of the charge stored on each plate. / ) §
SOLUTION

(a) C,:apacit_ance is_ calculated using Equation 19.29; however, the permittivity e of l
the dielectric medium must first be determined from Equation 19.30 as follows: '

it

L s
€ = €€ = (6.0)(8.85 X 10~ F/m) |3
Fi T
=531l x 107" F/m \D\‘
~
- Thus, the capacitance is S5
{ <2
A 6.45 x 10~ m? : O
C=e=>=(531x 10" —~————) R
A 1071 F/m)( 2 X 107 m .
=17l X 10-" F
(b) Sincg the capacitance has been determined, the charge stored may be com-
puted using Equation 19.27, according to ’

A Q=CV=(L71 x 10-" F)(10 V) = 1.71 x 10-1° C
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Piezoelectricity

fegauaniAnsulasunlamdsnunaiiiundeon Wihmieuamasa Irhidunss
A71AA Piezo 11970 Pressure A% Electric #8 1W1 #4151 Piezoelectric fo msfidagaunsan/don
U5 UTIAA (mechanical pressure) 71 apply vusuldfiunszua lWioonin 188nnd 5.2 San1s
uasuuuiliEiu Direct effect; Tumansefudandn apply nszua ihasuuiagiufecson/fou
nszuta If iy mechanical deformation 18 #an1wf 5.8b Samsnlavuualasuuuidudy mdirect

effect

(a)

(i (ii)

(b)

MM 5.18 (a) The direct and and (b) the indirect piezoelectric effect; (i) contraction

(ii) expansion. The broken lines indicate the origin dimensions. (310 Ref. 8 Y111 266)

11nuealuiduea Dielectric properties 819921831 Piezoelectric propertics Anaaauiad

s

] o T
IngAA polarization 1gNA5211198 mechanical stress o1AuRUaUTANIAYTiDNI TaaTinn

a

o

Ed il
s a1 o [ 1 = Y = a
auifat ldvigunsalane TAwinue deg1u3 microphone; FINAAAAING ; transducer 404

]
@ = =2

v '
UNINUANBINANNINNA 32 classes WUITHHAND S 20 classes ﬁLLﬁﬁ@ﬂmﬁﬂJuﬂ piezoelectric

¥
=2 1w g

1 = s - =) o 1 ) 2 (=) 2 U
LAsWUNHANIM AT HUAIHUAUANHUSVIHUDUNUDYINHUIAD nlllll center of symmetry vw*a”l,wmu

&

o =1 ] =2 u .
MUNILURINSINT0 1T center of symmetry UBANIN 5.19 AW a LUAAIHAN Simple cubic f1an

1
T

¥
1 1 = T 1 w
[HunAoyuAs I IUNER 19U a-a” ; bb’ 1A e-¢’ dTuIndumarTiizdaiuae

q

(=) ®) (c)

AN 5.19 Example of a simple cube (a) and a simple hexagonal prism (b) with a

center of system, and (c) a tetrahedron with no center of symmetry. (3710 Ref.1 W1 271)
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4w & =2 S e =
WEUINUIANHIATINANUDIANDN LUVUDDIINANI center of symmetry; AW b UEAIHNAN Simple
1 ' a =4 v W oA a as s W n’)‘ '
hexagonal prism ‘l’ﬂﬂﬁ'lﬂi,ﬂyu{ﬂﬁl33‘1’1"3’1@3431{51Nﬂu‘lﬁ'ﬁdﬂ%&ﬁﬂﬂu‘ﬂ‘i}ﬂtﬂ&ﬁﬂumﬁ@ut‘m @Nuuﬁe:n
’ 1 Y 1 3

Hexagonal prism ﬁ center of symmetry ADNIRNTN ¢ AN Tetrahedron (& u‘ﬁﬂaizmmgum 197U

=2 T o oA 2 = g & U = 1 7] 3
ﬁumwaﬂw"lumﬂﬂquﬂmnmqqﬂmm R2UUDDIINAN tetrahedron 141 center of symimetry A9UU

Nﬁﬂ tetrahedron L1 mﬂmﬁnﬁﬁ Piezoelectric

b4 1
=2 @ oA =

odalsfeu Soulun1sifia Piezoslectric Selufuiamsfionnusimsiuundngas 9
A1 5.20 A a unmednfiFududsligausanseih a1 b uamsnmednidegaus st
uuagnes SmmdunanatsuuadulszaziiunlFinaued ion + 11 ion - Wa 2 thawfn
Suumn apply UTIAULUIGAAT 1AW b Ve l3iiAa polarization ages luuansnmeanf
Piezoeectric Uit apply 1139AuLIgnAs lumn ¢ udrassmnidunssnSumndutlszaziiiu
31 ion + 1BE fon— 14 2 $19 iR MTERETUNS apply mamnﬁm{%ﬁa polarization #3715
IfRANEUUA Piezoelectric ﬁ'aafh:1mﬁﬂﬁiiwwﬁﬁuﬁmamﬂuﬁﬁrﬁui 19U Quartz 81 apply 1134

compressive ff [100] 92(Aa polarization LA apply Tuie [001] g laiifia polarization

(a) (b) {e:

AW 5.20 Direction of polarization in a piezoelectric material. (a) Unstressed material showing no polarization.
(b) stressed material showing deformation but no polarization. (c) stressed material showing deformation plus
polarization. (310 Ref. 1 uii 271)

a =2 =Y | wa 1 :’ . = v g
Tusssunaiinannaneyiafuanuaul Piezoelectric ufudnanimanisifiuna Tud

1 ) cl = i a H o { o
19 odelsnauiindndeoriiniiia polarization usawefiarir 116w 18 a1519 5.4 namedn
¥

e aWAnTIRAgmauIALl

Table 5.4 Example of Crystals Which Exhibition Piezoelectricity. (910 Ref. 1 M1 272)

R ~LiNbO,
Quartz SbSI

- BaTiO,. Pb(Zr.Ti)O,, KNbO: BaCoF,

4

Many other titanates, niobates. and tantalates with the [perovskite] structure HQl
Rochelle salt (NaKC,H,Q, - 4H.Q)

- ; N 2
Guanidine aluminum sulfate hydrate [CN,H,Al(SO.). - 6H.0] T;guofea
;1SS;OEdgH20 Triglycine sulfate
Z:O Lithium sulfate
GaAs Tourmaline

Bi.WO,, Bi,;TiNbO,
KH.PO, k
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Pyroelectricity
a 1 > T . a o 1 .. T
Pyro 119100181030 Lad “Fire” &9U Electric ANI1AA1I “Electricity” uilad 1l
o ' '
v w B wa s = o)
A31iU Pyroelectricity Vailunaauifruiannsanfsuanudouiunseua i vielums
@ w 4 =]
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o s . o 9 = Qs & 1 o
a17ilsznounilnmeudf Pyroelectric NnAABIlinmIaIA Piezoelectric uaa1515znouhil
wa | a W 10 a = e . . =
AMTUUA Piezoelectric nﬂﬂﬂmuﬂuﬁamamﬁmm Pyroelectric ; 21515201 Piezoelectric N1
wa 5 9 L7 . . 1 o LY [
AMANUA Pyroelectric ADITINITNINY polarization clﬁﬂﬂﬂgiﬂﬂ?%ﬂ&hﬂﬁﬂﬁ"lﬂﬁgﬂ apply @HIU
1] 1 1 1 { wa . . . o
Iihuds vSeesezndndnetaiasisenounfinueauiid Pyroelectric 943 polarization T1éa
3 v
vouiuesagualndetion 1 fifme e i liganszduanauniiihaieuonild (Preexisting
v 1 ¥
spontaneous polarization along at least one crystallographic direction) Aiuieesse NOUNINUEYN
£ s o o Y a . . eé o Y a =i
heat HANYDITUILYIIBAD IHIARA mechanical deformation FeazviIHiRAM I AuLL/as degree of
I~ = o -:?J 1 ]
polarization uazluralifinszue Ivihlinanios sonun Saihmdnnwanil T ¥ w1 wu 19
wiilagungiineumazi@en 1ane 10° °C nio193a5d Infrared 109
=2 Ao wa " 3 a o o e
‘lumﬁmwaﬂmﬂmﬁuum Piezoelectric YA 20 classes 9&ULWHY 10 classes NUAUTNUA

=

. P ¥d 3 2 4 1=
Pyroelectric MW 5.21 uaadlimiunluusIAIHENNINA 32 classes 13 T84 20 classes G4 1315
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the basis of internal crystal symmetry. (910 Ref.12 Ml 133)
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AT 5.25 Ferroelectric hysteresis loop between applied field £ and polarization P. (311 Ref. 1 W11 273)



506201 Introduction to Ceramic Chapter 5; Dielectric Properties 84

' o 3 P I~ o 1 i 1
avunaudey Wi apply 910 + i — nazen — Wy + senudi p LN
1 dy T 9/ =2 A = 1w 5 s =< = o
neuiAeyn anasq Taudu p, i -E, e E i apply 11 —E, polarization Aiagimie “AUG”
=1 ) :l o L = 4 =1 o 1 . 9
Fonaamndueu Il 16 Remanent polarization e “gué™ 1 “Coercive filed” (-E, ) &1
= = ' a £ ' Y !
Wi E Tuiiamisavae liozifa P lunieay %9 P azdesq mndududunsiv -E,f19-B N19A -B
. . = 1 2 1 [ a 1 = ' ¥
polarization Tunwawiin ldgega ludeziiy - ae leee’ls p & liaunsafnaumnadii
1 " 1 1 = 9 1 ] ¥
ABNIABYY A E Tuneauszwudi P aznssanautiosasdieudtiosadliunn waziie E =0
" “ " 9 | 3 L] 1 A 1w : .
polarization Tumieaylaj1dmée “gud» amlRoudsemaoiniy P, (Remanent Polarization 1
' y = = 3 < . .
msay) asnuiienldeunrvosaun Wi E vin — 8 + uazan + du — polarization Tumaay
- = ] =4 1 a o = y -
ninofinauey -Pr Nazdes Anautissassunsgiavieguing E, (Coercive filed) 910 E, iilaifiy
1 = s : v = .:'3’ o Y I~
E lun1s + an 118n polarization 9¥ABEe) 1LAIUIN E aunssne lWusseuiuge € asudu
Hysteresis loop
gﬂ"i'l\i‘UEN Hysteresis loop (40 Curie temperature ﬂjé}ﬁﬁﬁﬂm‘ilﬂﬁﬂuLLﬂﬁWﬂmqm‘HQﬁme %
M3 dope AIBEIUTUNTN 5.26 EAI3LT19904 hysteresis loop Y8 BaTiO, NgaIvgil 30 90 120 ua
o 2 A A a . ' & A = '
125 °C MM maziuduiiaiugungil hysteresis loop 12087 HONAY JuAsZYULDRMNTqInT
. 2 nor o - . A
Curie temperature #3e15Usenou lulaasnuiily Ferroelectric anae 1y Hysteresis loop 9&1¥id@

Whadue da'lideduily toop 3ndelal

30°C 80°C 120°C 125°C
{B5°F) (195°F) (250°F) (255°F)
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NN 5.27 Broadening and shifting of the dielectric constant versus temperature behavior
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achieved through crystal chemical modifications of ferroelectric ceramics. (311 Refl1 111 266)
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ATWN 5.28 Schematic of piezoelectric applications based on conversion

of a mechanical force to an electric signal. (310 Ref. 1 w1 729)
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A 5.32 Quartz crystals (Si0,). (a). Natural crystals. (b) Artificial crystal being removed from the

hydrothermal cell. They will be used for the frequency controls of ration circuits. (217 Ref. 14 W11 483)
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A 5.33 Schematic of piezoelectric ceramic disks in an ultrasonic cleaner. (910 Ref. | N1 284)
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NN 6 Magnetic properties
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AUN 6.1 (a) A new magnetic material for engineering designs: metallic glass material is used for the magnetic cores of
distribution electric power transformation. The use of highly magnetically soft amorphous metallic glass alloys for
ransformer cores reduces core energy losses by about 70 % compare with those made with conventional iron-silicon alloys.

(910 Ref, 17 M1 660)
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AT

mwﬁ 6.2 The magnetic field surrounding a bar magnet is revealed by the arrangement of Iron filling lying on a sheet of
paper above the magnet. Note that the bar magnet is dipolar and that magnetic lines of force appear to leave one end of the
magnet and return to the other. (317 Ref. 17 W 661)

aunniman i ldwummeluuimanarsminty uAmmimEnAatY [dannsieunn

o o i 21 A g Sy Y o P
AU (charge carrier) maaumﬂmaﬂauﬂ"lﬂ AINTINN 6.3

H

A Magneiic ficld line

Ilectron

A 6.3 A current loop forming a magnetic dipole. (317 Ref. 18 1 295)
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AT 6.4 (a) Schematic illustration of a magnetic field created around a coil of copper wire called a solenoid, by the
passage of current through the wire. (b) Schematic illustration of the increase in magnetic field around the solenoid and

current when an iron bar is place inside the solenoid and current is passed through the wire. (210 Ref, 17 N 661)
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Table 6.1 Relative permeability of the different magnetic materials (910 Ref. 18 M1 297)

Material Solid e
Paramagnetic Al ©1.00002
Mn 1.00098
Diamagnelic Cu 1.00001
Au 1.00004
Magnetic Fe 2 % 107
Fe/Si ] 1o
Col/Fe/B/Si Ly
Ni/Fe alloy 1 x 16°

M (Magnetization) D Net sum of Magnetic moment per unit area 21992y Magnetization VD4
wa 1 4 o ’ . wa . < 1 ' ' 1 1
anauiAuiMaAndy Polarization Y03AMANTA Dielectric MNFUNS (f) NN M fia linadl ud vary
! a wa = 1 = 4 ' 2
sz @ 7 apply Tumelfideiion erm Tnituudnimeunila §o91 Magnetic

e 2 d 1 W 1 ' 1 = =
Susceptibility () FufluAendnsiduseying M de H i apply lash

_M
)V/J" H
310 (£) 221879
X L, L

i " P ] =] ]
a15197 6.2 LeAe Parameter @19 7 AIFluNIaLmMAnnS oumIw

Table 6.2 Magnetic Units and Conversion Factors for the SI and cgs-emu System. (910 Ref. 4 WY1 663)
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G S—Cni
Quantity Svinbal Derived Primary Unit Conversion

Magnetic induction 8B tesla kg/s-C gauss 1 Wb/m® = 107 gauss

(flux density) (Wb/m?)*
Magnetic field H amp-turn/m - C/m-s oersted I amp-turn/m

strength = 497 % 1077 oersted
Magnetization M (S1) amp-turn/m  C/m-§ maxwell/cm® | amp-turn/m

I (cgs—emu) = 107" maxwell/cm®

Permeability Iy henry/m” kg-m/C?  Unitless 47 % 1077 henry/m

of a vacuum (emu) = | emu
Relative e (SD Unitless Unitless  Unitless w, =

permeability p' (cgs—emu)
Susceptibility Xm (S1) Unitless Unitless  Unitless Xm = 47Xm

Xm (Cgs—emu)
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g Electron

NNWN 6.6 Schematic drawing of the Bohr atom indicating an electron spinning on its own axis and revolving about its
nucleus. The spin of the electron on its axis and its orbital motion around its nucleus are the origins of magnetism in

materials. (310 Ref, 17 Y111 664)
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AN 6.7 Demonstration of the magnetic moment associated with
(a) an orbiting electron and (b) a spinning electron (310 Ref. 4 M1 664)
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Table 6.3 Magnetic moment of neutral atoms of 34 transition element. (310 Ref. 17 N1 666)
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Table 6.4 Room-Temperature Magnetic Susceptibilities for

Diamagnetic and Paramagnetic Materials.(377) Ref. 4 N1 666)
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Diamagnetics Paramagnetics
Susceptibility Susceptibility
X (VOlume) Yiii (vo!umei
Material (ST units) Material (ST units)

Aluminum oxide ~1.81 x 10—3 Aluminum 2.07 X 10-%
Copper —0.96 x 1073 Chromium 3.13 X 10~
Gold —3.44 x 1073 Chromium chloride 1.51 x 1073
Mercury -2.85 % 1073 Manganese sulfate 3.70 x 102
Silicon —0.41 x 107 Molybdenum 1.19 x 104
Silver —2.38 x 1073 Sodium 8.48 x 107
Sodium chloride —1.41 x 1073 Titanium 1.81 x 10~
Zinc —1.56 x 1073 Zirconium 1.09 x 104
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A7 6.8 (a) The atomic dipole configuration for a diamagnetic material with and without a magnetic field. In the

absence of an external field, no dipoles exist; in the presence of field, dipoles are induced that are aligned opposite to the

field direction. (b) Atom dipole configuration with and without an external magnetic field for a paramagnetic material.

(210 Ref 4 Y111 665)
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whzgnetic field strength, 7

A 6.9 Schematic representation of the flux density B versus the magnetic field strength H

for diamagnetic, paramagnetic, and ferromagnetic materials. (910 Ref. 4 w11 665 )
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NN 6.10 Schematic representation of antiparallel alignment of spin magnetic

moments for antiferromangetic manganese oxide (310 Ref. 4 1111 668)
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AMWN 6.11 Definition of several terms that describe magnetic characteristic of a material. (310 Ref, 1 ®11292)

Effect of Temperature on Magnetic Behavior
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NN 6.12 Plot of saturation magnetization as a function of temperature for iron and Fe,0,.(910 Ref 4 W1 672)

Domain and Hysteresis
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AN 6.132 ATNLLEAY domains 1uﬂ“|‘§fermmagnetic ATWH 6.13b The gradual change in magnetic
= o i = 5 5 4 . ¥ .
138 ferrimagnetic ; §AFTUTAINFAUDY magnetic dipoles dipole orientation across a domain wall.
ar ' : o, ik [ =1 a o o 9/
dunnd1 dipole 11 domain 1RefUIzSoe 11 lufimAeiu (310 Ref. 4 ¥111 673)

Uz dipole TuAuaz domain 325091 luanasie (110 Ref, 4 v11 672)
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AN 6.14 The B-versus-H behavior for a ferromagnetic or ferrimagnetic material that was initially unmagnetized.
Domain contigurations during several stages of magnetization are represented. Saturation flux density B, magnetization M,

and initial permeability £Z; are also indicated. (210 Ref.4 W11 673)

—

AW 6.15 Movement of domain boundaries in on iron crystal produced by the application of an applied magnetic filed.
Note that as the applied field is increased, the domains with their dipoles in the direction of the field enlarge and those with

their dipoles opposed get smaller. (317 Ref. 17 Wi 672)
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qaqﬂuﬁj’gﬁ%'l&izﬁu%u%ﬂma”laj'jwmﬁu H Fulsaohle Gon B ﬁﬁﬁwqaqw&uﬂw “Saturated Flux
Density (B,)” ailadunai slope Y805 B : B 15U Magnetic permeability (L) fislinafi slope
°lusaauc3fuq %zﬁﬁaﬂ:h “Initial magnetic permeability (LL,) *

£15 Ferromagnetic & Ferrimagnetic ﬂgﬁﬂmﬁuﬁ'ﬁﬁmyﬂimmsﬁm?}ﬂ@dwﬁuﬁa AINITDTAY
Magnetization (M) ¥38 Flux density (B) 1@nausinaenga apply autmusimanasliuds Fariudh vary
Annuduasfmmaauuimand - apply pumsRanoia udd Plot asl B : H vz ldnsl
“Hysteresis Loop” Lwﬁauﬁuﬁ"lé’f‘lum‘i Ferroelectric ﬂ'I'W‘ﬁ 6.16 L&A Hysteresis loop lums
Ferromagnetic 91ATAUAATT Term #1a  A1FEonlunsmindron sufildiFenly Hysteresis loop
Y04 Ferroelectric 191 B 19 Remanent flux density ¥39 Remanent magnetic induction Ao B ‘ﬁmﬁ@ﬂétﬁﬂ
WYA apply magnetic field ; B, filo Saturated flux density A9 maximum B ﬁﬁ’]ﬂﬂimﬁﬂ;{u‘lﬁ

- : : - o q¥ & v 1 LY
H, = Coercive field Ap Magnetic field intensity paealdlumsili B ‘ﬁmﬁammg B, Winde 0

Hysteresis
loop

NN 6.16 Magnetic induction B versus applied field A hysteresis loop for a ferromagnetic material. The curve 04 traces
out the initial B versus H relationship for the magnetization a demagnetized sample. Cyclic magnetization to saturation

induction traces out hysteresis loop ACDEFGA. (3101 Ref. 17 N 678)

Soft Magnetic Material

HUAENTUIMAANIN Ferromagnetic (e Ferrimagnetic AWAMNENIAMITBNIUEza
anmanuiluiman (Magnetization L8 Demagnetization) poniili 2 ¥iia Ao Soft Az Hard magnetic
material

Soft magnetic material is easily magnetized and demagnetized ‘utuzﬁ Hard magnetic material is
difficult to magnetized and demagnetized

AuAlunslves Hysteresis loop #@18150U8NTEAUAINEINGINIUATT magnetized UAY
demagnetized IS IERUTITHASIAEIIAAMEILAGD 1 Iums magnetized W30 WRIUATAAE

9

AM80BNULIID demagnetized
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Soft magnetic material is easy to magnetized and demagnetized ﬁ&‘lfu soft magnetic material 98
5uﬁ°l%’mm Hysteresis loop @nna Hard magnetic material mwﬁ 6.17 UeA3 Hysteresis loop U949 Hard
1A Soft magnetic material VINMWILTU TN Soft magnetic 923 initial magnetic permeability (££) G4
ungdl Coercive field (H,) Wou Fafivmwnami mamnsemisnhlasumménminiss Saturated
Magnetization (M,) 131n81d Magnetic field laiun uaziile demagnetized Smendseruenyinlyunn
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19117 soft magnetic material 1113 usiman fhdmsundtoudadInih mae e ffanisaonss
9/ 1 9 =

nuesnvdsilas lunannudauuininu 'y
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H—s

ATNA 6.17 Hysteresis loop Y84 soft and hard magnetic material. (310 Ref 4 ¥111 676)

Tumsldauealsingimadaaiui toss 11181191915 magnetized 1ta2 demagnetized 6191507
v ] ' 1 "
MUY 1AdIINY NN Toss iAnvnszua I AGoA1 eddy current Fufavnmsmiionives

1 I~ = : 2 ° 1 1 =4 1
TUMLNMANAIY N192a8 eddy current 18 fD vzdpwh lfunamimaniimanudiumniu Twih

r-!

' E
3 P L= = & et I 1 8 o o £ a )
(Electrical resistivity) 3¢ %\‘Iﬂimg'ﬂl@ﬂﬁiilﬁﬂﬁ ceramic 3 resistivity FIDYLUAIAIUUIIUNITUN

ceramic 1 1¥0UM49 Soft magnetic material 110 15197 6.5 UAAIAIDINTITUTLAOY Soft magnetic

=

material N 1FAulumemsAuazguaniandAyveeiv

Table 6.5 Typical Properties for Several Soft Magnetic Materials. (310 Ref. 4 N1 677)

Initial Relative Saturation Hysteresis

Compaosition

Permeabiliry

Flux Density B,

Loss/Cyele

Resistivity p

Material (wr) L [tesla (ganss)) [J/m (erglem?)) (Q-m)
Commercial 99.95Fe 150 2.14 270 1.0 x 1077
iron ingot (21,400) (2700) ]
Silicon—iron 97Fe. 3Si 1400 2.01 40 4.7 x 10~
(oriented) (20.100) (400) ) .
45 Permalloy 55Fe, 45Ni 2500 1.60 120 45 % 10
(16.000) (1200) i
Supermalloy T9Ni. 15Fe. 75.000 0.80 — 6.0 x 10
SMo. 0.3Mn (8000) .
Ferroxcube A 48MnFe-0y, 1400 0.33 ~4() 2000
52Znfe-0y (3300) (~40_0) i
Ferroxcube B 36NiFe.0,. 630 0.36 ~35 10
64ZnFe 0, (3600) (~330)
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%

Application UD4 Soft magnetic material nd f,gﬁ'ﬂ%ﬂu generator anseafuiialuih), motor,

dynamo, transformer LL81% circuit switch

Hard Magnetic Material

v
Hard magnetic is material which is difficult to magnetized and demagnetized wanizll hysteresis
v ¥
loop U9 InaiAan NG 6.17 ANNMLIRNIZAIVDI Hysteresis loop Y Material WIN1 A0 high B,, B,, H,
3 9 ¥ L)
energy loss LI low initial permeability (££) 11193910 WUT 11 loop LAAINEIITH UM magnetized AIWY
pazlTouiouiag 2 ¥iawHala Hard 0910 Taugainkagaved B, x H, ¥09789 Wanuuesieas
¥
lafimuInndwaasIagiiy Hard 190
) &l ' 4 dyw ' i, e b D Tl e R L
Domain wall ¥843a9% Hard n19zinfoud ldennnuesdagh Soft 111 Asuvsedondaniiies
o Y = 3 = d%, a Y] &"
T3 17usan Ferromagnetic steel 1A hard YulasmsiAvaiswin W uag cr Wnldluidle
b a o 9/ v oW a o . =3 1 . o v
Steel 1At W nag Cr naud lagduny ¢ Tu Steel tiaiili Carbide ANWANDYAIY domain wall 11119
. ” . i o4  dgzllp s v g 2
Domain wall 17770 rigid tnaeun ldonau Fenverilfusivan Hard Yuldaqe
A1519% 6.6 1LAAS Composition Y94 Hard magnetic material 114 1B ansf o aauliavesiy

a & .:? =) & g s ;
a13Usznous1infiay 1un1319i o BaO-6 Fe,0, @uil1 Ferrite WIN Hexagonal Ferrite

Table 6.6 Typical Properties for Several Hard Magnetic Materials. (91 Ref. 4 N1 678)

Remanence Coercivity (BH s Curie
B, H, [Jin' Temperature  Resistiviry
Composition [tesla [amp-turnim (gauss- T p
Material (wit%) (eauss)] (oersted)) oersted)] FC'C°F)) (Q-m)
Martensitic 98.1Fe. 0.9C. 0.95 4000 1600 — e
carbon IMn (9500) (50) (0.20 x 107
steel
Tungsten 92.8Fe. 6W. 0.95 5900 2600 760 3.0 % 16=7
steel 0.5Cr, (9500) (74) (033 x 109 (1400)
0.7C
Cunife 20Fe, 20Ni, 0.54 44,000 12.000 410 I8 sCnEL
§ 60Cu (5400) (550) (1.53:% 10% (770)
Cunico 29Co. 21INi, 0.34 54.000 6400 860 2.4 x 1077
50Cu (3400) (680) (0.8 x 10% (1580)
Sintered 34Fe. 7Al, 0.76 123.000 36.000 860 T
Alnico 8 15Ni, (7600) (1550) (4.5 x 107 (1580)
35Co,
4Cu. 5Ti
Ferroxdur Ba0-6Fe.0s 0.32 240.000 20.000 450 ~104
(oriented) (3200) (3000) (2.5 x 10%) (840)
Ferrite

=

o mssznowasiinfifigmavifulivan fmsﬂiznaumﬂﬁyﬂuﬁ’aﬂuﬁmﬁﬂwﬁﬂ
Ferrimagnetic (Magnetic dipole cancel fupaue linue) ’Ju‘lwquﬂu Oxide &%ﬂ‘ﬂﬁzﬂ@uﬁ}ﬁﬂ Oxygen ion
A jon voeTanefil half filled d-orbital M15199 6.7 UAZNIN 6.18 LAAINIIAS Y electron T jon
iiad199) 7 11TuazT half fill d-orbital HASLAAISINAY half Il d-orbital ¥8T fon FIAME  TINATI

= ' 3+ 3+ 2+ A+ 1 3 @ 3 g S o a
veud Mg, A1, zn wag Ti' Lifl half fill d-orbital §tiu ion Al luifdanlumsilviAegw

we =1 1 I~
auuaaNUULLMAN
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Table 6.7 Comparison of the Electron Configuration and Unpaired Electron for Various lons. (310 Ref. 1 ¥ii1 287)

Electron Number of
Ion configuration unpaired electrons
Mg~ 2pt 0
AP+ 2p 0
o1 2p* 0
St 3p® 0
Ti** (Ti*) 3p4(3d") 0(1)
VAV 3d*(3p®) 2(0)
Cr(Cr=) . 3d*(3dY 3(4)
Mn*H(Mn*)(Mn't) 3d*(3d*)(3d%) 3(4)(3)
Fe-* 3d® 4
Eg* 3d° 3
Co**(Co™") 3d’(3d%) 3(4)
Ni* 3d* 2
Cu?*(Cut) 3d°(3d") 1(0)
Zn¥ 3d" 0
Ed 4" 0

: . g X =4 . . : 5 3 ' ar =
(1199910 ferrite (uaTuniAn1szian Ferrimagnetic 9 magnetic dipole Tai'lda lallufama
= v o i e = . 1 = ' v an g = wa 1 =]
IRABINUTINUA ATTUNIFE half filed d-orbital DEa1AY7 liimuA A hasisenevrsigueauRuiman
w 1 1 =t 2+ o 1 a T 2+ . o
AI9819 1FU FeO U Fe 1HUGIUNGN 0NN 6.18 919U Feo 3 half field d-orbital 54 4 orbitals
' = & 2+, = 1 as [ 9/ . = 9/ @ 5
0619137083910 electron Tu Fe™ ion Haginnndululnseadis spin lufiemaasedhy daiy

. <2 LY d 3 1 wa I~ 1 .
magnetic moment 14 cancel fIIBMAD “FUE” az1iu FeO ¢ Tuansnuautiduiman Ty ferrite

e s Mo g
Fes* 23 Ul] 0L 000 OO 0 5
Mn2+ 23 [ ] U] O] G111 5
Fezt 2 Wl BT 0G0 GO OO 4
Co?* 25 By 11 ] 3
Ni%+ 26 Byl O O 4
Cut+ 2 BT} fln), B 000 G !
Zn2+ 28 0

AT 6.18 Electronic configurations and ionic magnetic moments

for some 3d transition element ions. (310 Ref. 17 ¥1111 696)

i & aa wa = ' = 2 =i
!.I.‘INfT"l'S‘IJ'33?]E]‘i_lmj’ﬁ'IﬂJﬂ‘l’l‘JJﬂmeiJUﬂﬂ')']ﬂJLﬂﬂlLﬁJmElﬂ (Ferrite) #7131 crystal structure ponIlu 3
%A A0 1) Cubic Ferrite 2) Hexagonal Ferrite 3) Orthorhombic Ferrite
. LA Lo - - T 1 Y o d
1) Cubic Ferrite A0 Ferrite N Oxygen ion 1] ion mum“lmg”luiﬂ 73631 pack AU cubic
&

close pack (FCC) ujadovaa lu/sailu 2 nqudos Aa Spinel 1tag Gamet

& . Ao a d P o Ao
1.1) Spinel Cubic Ferrite 70 Ferrite muqmmmﬂu MFe,0, LD Fe G!‘L!Igﬁ 510U Fe Nl valency

' | ' 2 2 2 2+ 2 2+ 24 5 c;z:ly =~{
3+ @au M 13U ion 78 valeney 2+ 19U Fe™', Ni¥', Mn™, Mg™, Zn™, Cu™* w30 Co™ : aiia M Tufifiaziily

= (] [~ V) o 1 = i . o
ion ¥iIAAYIIUGAT 19U MnFe,0,, CrFe,0, n301il1 jon Ma 169 Falufi @ Nickel-Zine ferrite (Ni,

Zn Fe, Q) H30 Manganese-Zinc ferrite (Mn, Zn Fe, O,) ala
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1
==t

&1 M T MFe,0, 15 Fe* A8 ferrite fifigas &1 Fe,0, W30 FeO.Fe,0, enuTusiamizund
“Lodestone” (HUUBNNII) ﬁ%am" 7 Magnetite ; Ferrite ‘lfﬁﬂiﬁ crystal structure LU inverse spinel °§x‘1
0" fuduilu FCC 1 unit cell Y04 inverse spinel U52n9UA2Y FCC 8 units 501U

Sufns 10841 FCC 1 unit Yszneudauezasuii form close pack 4 pzAsx Lazdl hole i jon+ 197
wlﬂﬂg:Llﬁ’ 2 %1IAAD octahedral hole N1 tetrahedral hole 314U 4 UAE § hole MUTAL 5@1511 1 unit cell
UDJ inverse spinel 121/32naUA28 O $1UIU 4 x 8 = 32 jons LAY 32 available octahedral holes N 64
available tetrahedral holes

MnABUALYDNTAde T 1ana 1 femite ¥t HgRIRTITI MFe,0, 1ingAT LA ratio VO
M Fe 07 1 12 4 Famueaudnd 07 4 jon vedl MY 1 jon iz Fe' 2 ions MWW 910 90
it 1roui 180003 1 unit cell 494 invert spinel 3 O 32 ons &11iu 1 unit cell Y04 invert spinel 924
M”* $149U 8 ion LAz Fe' ion 16 ANHAY

M 1’?& 8 @auas Fe' 'ﬁgﬁ 16 @292191 1) fill 32 available octahedral 64 available tetrahedral
holes @IWSU inverse spinel 3% fill ion+ il Towdnmsfidn asaniteves ions+ 9% occupy 1/8 V03
available tetrahedral hole @Y jon3+ §ﬂﬂ'§mifeﬁm§agmz ion2+ 9219111 occupy 1/2 Y04 available
octahedral hole TABULNANBHDETNALING AU e Ferrite il M Tugns MFe,0, T Fe™' 2zl
msvasusezaonly unit cell dauaaslunmil 6.19 na1afie 07 32 ions form FCC; Fe™ 8 ion 0glu

octahedral hole ; F e 8ion @gj“lu octahedral hole HAEE ﬂ‘ﬁ”lﬂ Fe' 8 ion ’Otﬂ‘u tetrahedral hole

O Oxygen

@ Cation in octahedral site

Cation in tetrahedral site

Octahedral interstice
(32 per unit cell)

—

Tetrahedral interstice
(64 per unit cell)

Cctahedral Tetrahedral

- 00000000 | 00000000
- Q0000000

A 6.19 Schematic illustrating the source of magnetism in the spinel ferrite. (210 Ref. 1 N 289)

11n388M U electron Y99 Fe' ion U octahedral hole Y84 Fe,0, WU (spin) Tuiinseduriy
electron Y09 Fe' ion 1 tetrahedral hole ﬁa&u magnetic moment U4 electron 141 orbital ﬁﬁﬂ@ﬂ%ﬂﬁ A
Ui ouA magnetic moment Y04 electron Y09 Fe* AN 6.19 fufu Fe,0, Suanspaiauianinm
Wunsdman1d

A13197 6.8 LARIGATIATILAZAVAUTAVDA Spinel cubic ferrite A1)



Introduction to Ceramic. Chapter 6; Magnetic Properties 107

Table 6.8 The magnetic behavior of some Spinel cubic ferrite (910 Ref, 1 #1111 290)

Magnetic moment

Postulated ion distribution Magnetic - Magnetic per molecule
moment of  moment of Mele.O
Tetrahedral Octahedral tetrahedral  octahedral !
Ferrite ions ions ions ions Theoretical Experimental
Mnle, ), Feit + Mnii Mnit + Fely 5 S5+ 5 5 A
e 0, FeY Fe . [t 5 4 +5 4 4.1
CoFe,O, Fe'* Co** + Fe' 5 345 3 3.7
Nile,0, Fe't Ni*t + Fe" 5 2+ 5 3 2.3
CuFe.O, TFev Cu®' + Je® 5 1 +5 | 1.3
MgFe,Q, TFe'* Mg + Fe' b 0+ 5 0] 1.1
Li,<Fe..O, Fe' Li¢s + Felt 5 0+ 75 2.5 2.6

=i

Y Lo o o A A ! P
1.2) Garnet Cubic Ferrite "lmm Ferrite ‘VI?JQ’G]‘EL‘F]NUJH R,Fe.0, IO R AD ﬁwﬂuﬂqn rare earth N

G‘]?\‘i Taifiayu magnetic moment & valency 3+ 1% Yitrium (Y), Gadolinium (Gd); AU Fe fim Fe” 1n@
& 1 unit cell Y89 Garnet structure Us2NOUARIY O = 96 §1: Fe™ = 40 & Liag R = 24 &2 59uamue
160 #12 ; Garnet cubic ferrite 98 In34ar314TA8 R™ 920¢ 11 dodecahedral hole (51 12 tAun&mn
oxygen ion 383 8 ions Aan M 6.20) Fe™ ujaidy 2 g 0411 octahedral hole 16 72 tazaglu

tetrahedral hole 24 5]"3; Magnetic moment Y84 Fe' u octahedral hole ﬁﬁﬁmam \‘l“?l"lllfuf‘i_l magnetic

Dodecanedron Tetrahedron

Q Oxygen lons

Yttrium lon
. Iron lons

Magnetic

Moment
Dodecahedron Octahedron Tetrahedron Oxygen (Gauss)
APpfesate 14 07A 054 1.3A
| ew i | o
YIG Nonmagnetic | 0O GO00OQ00| 00000000 1750
(Dielectric) 160000000 |00000000
00000000
e Feds adt pelr ok |
YAIG 00000000 |00000000 1200
00000000 |(00000000
00000000
i At Eelf Kzt et (o
YAIG 0000000 (00000000 200
CG000000|00000000
Q0000000
YAG Yai Ay AR 0% ”&?2?23:?2?

AN 6.20 Schematic of the [garnet] structure ferrite and example of the

: ; o
effect of A" substitutions on the magnetic behavior. (310 Refl.1 ¥1111291)
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moment U949 Fe' 11 tetrahedral hole 11111 01A8AY invert spinel ﬁ\‘ﬂfu magnetic moment U8B
Y, Fe O, 39180 magnetic moment V4 Fe' 24 #21U tetrahedral hole 341AA14AY magnetic moment
¥4 Fe'" 16 A2 14 octahedral hole 911180 magnetic moment U9 Fe' 8 @2 / unit cell “‘Iﬁ;?i‘lﬁfhl‘lfhﬁl‘l_l
= (5 Bohr magneton / Fe 1 ion) x S(Fe:w ion / unit cell)
= 40 Bohr magneton / unit cell
L'ﬁ1msmmﬂ%’uﬂgﬂﬁmjmﬁﬂﬂﬁﬁﬂf:ﬁﬁ'iﬁ'wmﬂﬁiwq ANUABINTS 1A 1ABAS dope impurity 11
unud B Aidumuiane q TulSuiaee daanaaisialdnin 6.20

Soft & Hard Ferrite

v
aSd o0

| < = o : o ;
1119 Ferrite 990U 2 ¥1aA® (1)U Soft 1ag Hard ferrite; Soft ferrite 1y ferrite NABIUID
1 = 1 1 < dyw = 3/ " <] i Hq Yo = 3 '
LLEJL'H‘ﬁﬂkliJlf'lﬂ LLiJL‘!’iﬁﬂW’JﬂuﬂJﬂﬂJIﬂix‘lﬁS'lx‘iLL‘I_I‘LI spinel structure nJu Ferrite W‘I‘Hﬂu‘lﬂﬂ‘ﬂ’ﬁ]"ﬂ%ﬂlﬂu&’;ﬁﬂu
' a o o o u B
Usznovniy g Tuna9vs electronic, INY, TV, Tnsfinn Qﬂﬂiﬂl High Frequency, memory core, recording

head AWH 6.21 LAY Soft ferrite N9 11HA1UAE 9 TABLINKINIIN Mn-Zn Ferrite LIaE Ni-Zn Ferrite

v

Hard Ferrite 79 Ferrite N Hexagonal structure (%% Barium Ferrite BaO.6Fe,O, Fafunylu

' Ed v
Netherlands DnAINEIATY AB Strontium Ferrite $r0.6Fe,0, Ferrite ¥iatiilvanfn 51A190, Winnwn,
=3 =

o o 1 =] '
H, qe liduimanansaaluveudibu, veulszg, veudu et.

Type Industry where used Composition
Soft Entertainment electronics. Manganese. zinc, iron oxides
radio communication.  Nickel, zinc. iron oxides
military electronics Nickel, copper, zinc, iron oxides
Square-Loop Computers Manganese, magnesium, iron
oxides

Cobalt. iron oxides
Microwave ~ Communications, military Magnesium, manganese. iron

electronics oxides
Aluminum. nickel, zinc, iron oxides
Hard Permanent magnet motors Barium, iron oxides

Strontium, iron oxides
Lead, iron oxides

AMNN 6.21 Various soft ferrite parts which are used for many electrical and electronic applications. (919 Ref. 17 N1 694)
= w3 ' < = = v
13791 6.9 LLEAY Composition YDILULHANLETIUNTUAN ) LLUIA1Y Crystal structure

Table 6.9 Compostions and Structure of Magnetic Ceramics

Cubic ferrites

Spinel General structure MFe.O.. where Fe is trivalent and M is
divalent Ni, Mn. Mg. Zn, Cu. Co. or a mixture.
Garnzt General structure R.Fe:O,., where Fe is trivalent and Ris Y or

a trivalent rare earth. tvpically Gd.
Hexagonal ferrites
\zrous structures BaFe.0,,. Ba,MFe,.0... BaM.Fe, O--. Ba:M.Fe..0,,,
Ba,M,Fe.O,.. Ba,M.Fe; Q.. where M is divalent Ni. Co. Zn.
or Mg. and Ba can be replaced bv Sr and Pb.

Ortherhombic ferrites

Perovskite General structure RFeQO.. where R is a triavlent rare earth and
Fe is trivalent and can be partially replaced by trivalent Ni.
Mn. Cr. Co, Al. Ca. or V*-.
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UN# 7 OPTICAL PROPERTIES

INTRODUCTION
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AMA 7.1 An electromagnetic wave showing electric field and magnetic field H (310 Ref, 4 M1 691)

H

o A 1 = 2 =] 2 a w = < 1
Tuuanduuiman lfhawanuennduiduaduyiedie danmd 7.2 vinamazsiug
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Energy (eV) Wavelength (m)
Frequency (Hz)
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-12 H -
T Y-Rays 10%|— 102 e e __chlet
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AN 7.2 The spectrum of electromagnetic radiation including wavelength

ranges for the various colours in the visible spectrum. (910 Ref. 4 WY1 692)

Light Interaction with Solids
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TeANH Transmissivity = 0 UA% Absorptivity + Reflectivity = 1 (390391 “Ta@QNULAS Opaque”
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Atomic & Electronic Interactions

o 1 P 4 4 or aaa
Uningmssimausediey ifeduiloudsannsenyiag Sduneinandfase Gnteractions)
¥y v

' g 1 <] o : @ a i o e,:
sevdrenauuaiman Ity atom, ion 1Az electron YoeTaRTady Tuns s interactions TiAaT
VA interaction NA1AY NI 2 pEhsfie

1) Electronic polarization 2) Electron energy transition
[~ aan A g 4 = °
Electronic polarization \TUnsenduiiduadulwil (Electric wave) vosuaamiionsi
Y = y ot Y o a  d : i : :
1#1Ai@ Electronic polarization U ¥ae faswazidoaildnanluudaluumd s 301 Dielectric
" = & " 2 o 1 o Ya a a 1 A
Properties N131AA Electronic polarization #4819 1MAATINAIULN 2 981970

1) Radiation energy U148 20N absorbed

v
LY

2) aduuasszganinldindouniluivsiag lddasdainiufinnisinm Refraction)

Electron energy transition 99 YUIUNT absorb energy VINLLAIUDY electron (311 electron

lussAL ground state gAUAIANATENULIAT electron 92 absorbed WA INUAY uBamADY ldogly
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of frequency & :

Yaz
AT 7.3 For an isolated atom, a schematic illustration of photon absorption by the excitation of an electron from one
energy state to another. The energy of the photon (hv,,) must be exactly equal to the difference in energy between the

two states (E,-£,). (310 Ref. 4 1111 694)
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energy gap Uszarunundsauusuta 11 visible light $iA1 match WoRANY allow energy state VD3
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AN 7.4 (a) Schematic representation of the mechanism of photon absorption for metallic materials in which an
electron is excited into a higher-energy unoccupied state. The change in energy of electron AE is equal to the energy of

the photon. (b) Remission of'a photon ot light by the direct transition of an electron from high to a low energy state.

(310 Ref. 4 W11 695)
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o = 9
Table 7.1 Average Index of Refraction Values for Glass, Ceramic and Organic Compositions. (31 Ref. 1 111 306)

o Average
oll'dKJ"'ﬂ» refractive
Material cansTon] index
Glass composition
From orthoclase (KAISi,O,) 1.51
From albite (NaAlSi:Oy) ; 1.49
From nepheline syenite 1.50
Silica glass. SiO, . { 1.458
Vycor glass (96% Si0.) : 1.458
Soda-lime-silica glass 142 | 15119
Borosilicate (Pyrex) glass i 147
Dense flint optical glasses E 1.6-1.7
Arsenic trisulfide glass, As.S; 2.66
Crystals
Silicon chloride. SiCl, i 1412
Lithium fluoride. LiF 1.392
Sodium fluoride, NaF 1.326
Calcium fluoride, CaF, T 1454
Corundum, Al,O; e.6-0.60 1.76
Periclase. MgQO il 9.6 ' 174
Quartz, Si0, R
Spinel. MgALO, ) I T
Zircon, ZrSiQ, i 195
Orthoclase, KAISi;O, 1.525
Albite. NaAlSi;Oy ¢ 1.329
Anorthite, CaALSi,Oq ! } 1.585
Sillimanite, ALO; - SiO, i i 16
Mullite, 3A1,0; - 2810, 46 ¢ loa
" Rutile, TiO, "Re-rm] 27N
Silicon carbide, SiC ;. 2.68
Litharge. PbO i2.61
Galena, PbS i 3912
Calcite. CaCO, i 1.65
Silicon. S I o349
Cadmium telluride, CdTe boo2.74
Cadmium sulfide, CdS i 2.50
Strontium titanate, SrTiO, P 249
Lithium niobate, LiNbO, i 231
Yttrium oxide, Y.0, i 1.92
Zinc selenide. ZnSe 2.62
Barium titanate. BaTiO, 1600 !L 2.40
Organics { i
Polyethylene, nylon 2.0-3.5{ 1.50-1.54
Epoxy i B e
Polvstyrene 1.59-1.60
I
I
’ Red
Blue

mw*ﬁ 7.5 Dispersion. The indices of refraction vary with the frequency (and wavelength) of light. Red light travels

. y )
slightly faster than does light with a shorter wavelength; therefore, it has a lower index. (211 Ref. 14 1117 488)
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AN 7.7 Internal refraction. (a) As (1): exceed the critical angle that makes ¢| equal to 90°, the light is internally

refracted. {b) Graded index. A gradual change in composition at the surface, and therefore a change in the index of

refraction can produce a gradual redirection of the internally reflection light. This procedure is used in fiber optics. (910

Ref. 14 Y111 490)

(b)

AR 7.8 Glass —Fiber Optic. (a) Imagescope. The bundle of 27,000 glass fibers, each 60 [lm in diameter, permit the
viewing if inaccessible and hazardous location. (b) Optic waveguides. Optical fibers for communication systems require
kilometers of transparency, plus coherent light signals. Thus, the material must have not only extremely high purity, but

also a controlled protiled for the index of refraction. (910 Ref. 14 N1 491)
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Incident | Reflected
light wave light wave

r\ Refracted
light wave

I
1
|
I
|
| Transmitted
light wave

i = Angle of incidence
r= Angle of refraction

sin i

sin r=———

NN 7.9 Primary refraction, reflection, and transmission for a plate of transparent material in air.(310 Ref. | #11 307)

Y |
s (-] R.
JHU R = —
IG
Y o = o & i o
ﬂ1ﬁ'}tlﬂﬂﬂﬂﬂ§$‘ﬂUlﬂuﬂémﬁlﬂﬂ'lﬂﬂﬁiﬂﬂﬂﬂ‘ﬂaﬂ plane WHIR l‘l.ﬂ"l]'lﬂ
2
n, —n,
Rl ——— (n)
n, +n,

A o3 @ oo s a o ar
Won, n, Lﬂu@]‘]ﬁuﬁﬂl‘ﬁﬂla\‘m?ﬂﬁw'ﬂ 1 Uag 2 muanau

[

= =) 4 1 ]
Aana19f 15U vacuum 130 air 4 n, = 1 Wowauns n) luai'lés

(nj—lT
R =|— (V)
144}

Soda-lime glass % M= 1.51 unum M asllu () 18 Reflectivity U949 Soda-lime glass = 0.041

: Polymethyl methacrylate ldiuanduduend =149 unumad 1y ) 14 Reflectivity = 0.039
L

o ' =g o dal o = 9/ o q o s o =
sudumildaudninnnszenlsazdeuuaananiwiumalfiaudinnnnaiadn
g . 1 4 v & o Sy
MNAeALIIALIIE 1) 100 R Bann Aaiuledimandougdnsel optic i ldesnts 1
¥ ' & ' = A 2 o 9/ Y = o & g

AZNOUUTI 1Y lens MIBUIUMTHARAR NN UG HOn AeTlaifues MeF, Fuduastsznen

. . = & o 9/ ' & = =g Yo a
dielectric AN HINN 1 Houninszanuionaraanildiuaud

N13AANAUUES (Absorption)

w

8% Non-metallic absorb LL& 11A8 mechanisms 3 9619 Av
1) Electronic polarization
2) Election transition across the band gap

3) Electron transition to impurity or defect level

Sutham Srilomsak



Valames

506201 Introduction to Ceramic Chapter 7; Optical Properties 118
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MR 7.10 Simplified energy band diagrams for conductors, insulators, and semiconductors. (210 Ref. 6 N1 78)
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AWA 7.1 (a) Mechanism of photon absorption for nonmetallic materials in which an electron is excited across the
band gap, leaving behind a hole in the valance band. The energy of the photon absorbed is AE, which is necessarily

greater than the band gap energy £, (b) Emission of a photon of light by a direct electron transition across the band gap.

(910 Ref, 4 1111 699)

A3N92 Excite 11 electron Hinda1uganoNagdu energy gap 191113 (Photon) ABelingaay
L
1NN Energy gap (E,) A9y
hv>E,

1319 h = Plank’s constant = 4.13x10"° eV.s @uNs919AUD1=TouBnoe9 14

E>E

o
b4

Sutham Srilomsak



506201 Introduction to Ceramic Chapter 7; Optical Properties 119

iaumtiedu1Ufinsan visivle light Aifindsnunnfigadouasdiedall A =4 x 10'm
unuA A uag C =3 x 10° m/s luaums E=hc/ A
1 E =31 eV

A aﬂfuuﬁ 38 MEANIIN excite insulator H3D semiconductor ‘ﬁ'ﬂ&’ﬂ@fﬂﬁ energy gap JTUIN
valence band AU conduction band 13i1AY 3.1eV

TuhueaReanudmiuuas visible light ﬁﬁﬁwﬁwmﬁwﬁq@ﬁaﬁumﬁﬁ A=7x10"m
unuA A uag C=3 x 10° mvs aa ) lueums E=hc/ A
I8 E=18 eV

ﬁ\‘ﬂfuuﬁ IFUAIA T excite insulator H3D semiconductor ﬁamauﬁ energy gap 7 U9

valence band 11 conduction band 130111 1.8 eV

A i s 9/ e A 1 =) o = 1 o u’:’

1199910 visible light Usznevaisuaaniinnuennaulusuasduastunaadung saiy

[ ¥
. . . e . . é o

Non-metallic material 9% absorb visible light A8 mechanism ﬁllﬁ‘l{liﬂ?f wADI] E ,<18eV a5
absorb LiE(4 visible light NA&IIE VLAY (Opaque) uAG1TUT 1.8 <E, < 3.1 eV 5192 absorb visible
i Y . dy 9 oo & 1 < 1 @ 9 qy.g =
light #3¢ mechanism W1Ammizu1ed Fumielign absorb 92 Transmit #insfueen’lalld waniised
=t e - . 9/ . 2 ] o 3
i (Color) uazgaufienIn?il E, > 3.1 eV 9% absorb visible light @28 mechanism 5 11 1dae §aiiu

waniaz Tsela (Transparent) waz luia (Colorless)

v . I
Electronic transition to impurity or defect level Mechanism HIAAILDI910 impurity muagiu
Y [ 4
aaidg Telaesisunanionsuauadlyl agvhiifauay donor 138 acceptor level Fun1elu energy
gap 118 visible light AnNTENUIEY electron 12152 TAADBNIIAUOUNAIIUYD impurity i lJeglu

. 9 o o Y = N Ly 2 c:\y 3 w 2 2
conduction band AR AN 7.12a M1 liAans absorption L&IA8 mechanism ila ATAVINVLLE

= c = ==,
- S e f—
== i ° =3 SR
= 28 = o
Impurity 5 - o
level ~ ii_x}; — -‘-'\ElI‘W AE, (‘*"
W Lot L
& r &
w” -
& N g AE, “, AE
@
) - X %\\ v ™ Phonon
Photon = >N Photon o generated
absorbed B0 § o b 117/% emitted, = having
+ . |5 R £ ey,
= > Z 774\ h =
-0 o= = | e
Photon Photon =
emitted, emitted,
tal thi AE, el AE.
i i

MWA 7.12 (a) The mechanism of electron excitation from an impurity level that lies within the band gap by absorption
of'a photon of light. (b) Emission of two photons involving electron decay first into an impurity state and finally into the

ground state. (¢) Generation of both a phonon and a photon as an excited electron falls first into an impurity level and

finally back to its ground state. (910 Ref. 4 M1 700)
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AN 7.13 The transmission of light through a transparent medium for which there is

reflection at front and back, as well as absorption within the medium. (917 Ref. 4 1 701)
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AN 7.14  The variation with wavelength of the fractions of the incident light

transmitted, absorbed, and reflected through a green glass. (310 Ref, 4 AR 702)
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Table 7.2 The Spectral Colors. Their Wavelengths (7L), and Complementary Colors. (910 Ref. 1 M1 301)

~(nm) Spectral color Complementary color
410 Violet Lemon-yellow
430 Indigo Yellow
480 Blue Orange
500 Blue-green Red
530 Green Purple
560 Lemon-yellow Violet
580 Yellow Indigo
610 Orange Blue
680 Red Blue-green
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WA 715 Light scattering by spherical pore in an otherwise homogeneous medium. (211 Ref.20 Y111 684)
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TN 7.16 Microstructure of Csl different grain size (30 Ref. 20 1111 362)
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Applications of Optical Phenomena
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Optically flat.
Optically flat, hali-silvered end

silvered end
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t
Ruby rod |
/ % Coherent,
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lignt beam

NN 7.18 Schematic of a ruby laser. (910 Ref. | M 304)
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mww 7.19 Schematic energy diagram for the ruby laser, showing

electron excitation and decay paths.(210 Ref. 4 nh 707)
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mwﬁ 7.20 Schematic representation of the stimulated emission and light amplification for a ruby laser. (a) The
chromium ions before excitation. (b) Electrons in some chromium atoms are excited into higher energy states by the
xenon light flash. (¢) Emission from metastable electron sates is initiated or stimulated by photons that are
spontaneously emitted. (d) Upon reflection from the slivered ends, the photons continue to stimulate emissions as they
traverse the rod length. (2} The coherent and intense beam is finally emitted through the partially silvered ends. (317
Ref. 4 1111 707) '
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Table 7.3 Example of Ceramic Laser Hosts and Dopants. (910 Ref. | N1 305)

Wavelength,

Dopant Host um Other hosts
Cr- AlO, 0.694
Nd- Y,ALO {YAG) 1.06 CawQ,, glass, StWO,. SrMoQ,,

CaMoQ,, PbMoQ., CaF, SrF,,
BaF., LaF., CaNb.0O,. Y.O.,
Gd:O;, Y}Ga:Ou. Gd:Ga:O::.
Na, Gd(wol):1 CCF;

Be" CaWO, 1.047 CalNb,O,, SrMoO,

Pr- LaF, 0.599

Eu’- Y0 0.611

Ho'- CaWQ, 2.046 CaMoQ,, CaNb-Q,, CaF.,,
Y.ALO,,, glass

Er- CaWO, 1.612 CalNb,0,, Y;AL:O,,, glass

Dy~ CaF, 2.36

Bjas CaF, 2:2 BaF.. StF,

Ni*- MgF, 1.62

Cosn MgF, 1375 ZnF.
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ATWA 7.21 PLZT thermal / flash protective goggle developed by Sandia

National Laboratories for U.S. Air Force. (310 Ref.12 ¥Ti1 199)
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