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Crystalline VS. Amorphous
vpsuaneaeuTadutusnilouuyY long-range order AT crystalline Solid §a Figl.la

duvewdeitezasuiniFvuiiuszifonlu range FuFauiiu amorphous or nonerystalline solid #9 Fig 1.1h

Figl.1 (a) Long range order, (b) Short range order ( P4 R1)
Crystallogrophy

1 v w
dumunezaeutulnssadisnanle q v Fig 12a 910 9 Tulassadwninezdr q fu dafusieiase

14 unit cell Mifhumize Tassafrafidniiga Tnvsadranan’ld éa Fig 1.2

(a) (&)

Figl.2 () InseswaiifvesTagiidgUnanuungaundl (b) unit cell KerAIRIAIAYB41AT931%( P60 RT)
A1 9 NiFlumsvenvuIANazlYes Unit Cell 130T lattice parameter 39 lattice constant 710 a, b, ¢,

o = u < w0y ' & 1 =
a,p uazy nwdninaldudnadaeans adufia, b, o, B uaz v d199 g sziudall Unit Cell 18 7 wita fln
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Cubic a=b=c uag a=pf=y=90
Rhombohedral a=h=c oy d=pB=2y<«90
Tetragonal a=b#c gz  w=P=y=90
Hexagonal a=bF*c LR o= 3=90y = 120
Orthorhombic T upr oa=p=y=90
Monoclinic a®b#c unY a=y=9%¢p
Triclinic azb#c¢ uax axPry= 90

ezaeulandumiaig q 1 Uniccell 1818 4 33

1. Hv”‘iqm‘?a 8 15uN Primitive (P)

2. lﬁﬁquﬁa 8 LIDEATINANGUN Body Center (1)

3. "lfiﬁiguf;"a § LaEAAY face Wa 6 (300 Face Center (F)

4. 'Iﬁ'*?ii;m’l:a § 1A face 2 face A5 99U uN End Center 138 base center (C)

21 Unit Cell 7 wiialdeznes 4 37 dafiniresil lavice 28 wuy udetalsfinmuany Tadldudadi
fuetiedu igunsd cubic TdoymouaTIULY End Center 1314 tetragonal Banu1 &4 Fig 1.3 Sedasdroen agudats
|Aoeniifos 14 Bravais lattices A4 Fig 1.4
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Fig 1.3 Correct choice of the unit cell ( P23 R4)
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~ CUBIC
a=h=ca=f=y=90°
A @
ol
S e -
Simple Cubic Face-centered
RHOMBOHEDRAL TETRAGONAL HEXAGONAL
a=h=g_ a=h=e = r=90" a=h=g¢,
/ ® ;
/9/ | ~ |
Simple Tetragonal Body-centered
ORTHORHOMBIC

a=h=cu=f=y=00"

Jnis

Simple Orthorhombic Base-centered Body-centered Face-centered
MONOCLINIC TRICLINIC
amh=¢a=y=90 =n
@
c
b
Y
Simple Monoclinie Base-centersd

Fig 1.4 Geometric characteristic of the 7 erystal system and 14 Bravais lattices ( P5 R1)
ot Bravais iGendedustiaiussidion 3 SR latice 519199210114 latice RAATUAW Symmetry
494 Lattice WM 32 11 Fond1 32 Point group s 1wt crystal P lusssusimeai 14 32 crystal class U
% class 921 symmetry Tiwiafuds @159 14 dauasadt 12 1eme minimur symmetry element 1UUAAZ Crystal
System  Figl.5 USAY Symmetry Operation ﬁ'jﬁ 4 Operation
Microstructures
Crystalline Solid iiai 14 2 pliwrude

R 4 4 & A e P P A w o = o ¥ W .
I)Slngle crystal A9 crystal ‘ﬂﬂ:iﬂf’mﬂ‘miﬂﬂﬁ’JLf]u‘iZmﬂﬂiuﬂﬁﬂ‘lﬂlﬂmﬂuﬂﬁﬂﬂﬂau Solid MINOU a3 Figl.6
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2)Polycrystalline crystal 79 crystal MO Solid UsznouAIn Singe crystal natw o Aousadudsd fidoe

" v 5 o a ” i 1
Polycrystalline Solid lAndasganssmi sziuuisses 9 ihuds Fig 1.7 gUimBsundazgalfio 1 grain ozaounioly
- o el o - ) £ a & - A ' - P
grain g ITFsednthusaifion lufiemafioatiunaoais grain S1019esiiodusias gain o 1 single crystal #1501
1 v . T = o _ i &
#8351 114 grain ozao 10 1AG03d 10 grain 1a grain wile

Table 1.1 Crystal system and crystal classes { P15 R18)

Crystal system Minimal symmetryt Crystal classes

Triclinic 1¢orT) 11
) = 2
Monaciinic Cne 2 (or 2) 2, m, =
Orthorhombic Three 2's (or 2) 222, 2mm, mmm
=z L 4 = 4 2 2
Tetragonal One 4 (or 4) 4,4, — 422, 4mm, 42m, —— —
m " om m
= 2= = 4 _ 2
Cubic (isometric) Four 3's (or 3) 23, 432, — 3, 43m, —3 —
m m m
. 2k s _ = o
Hexagonal One3orG(or3or6) 3,3,32 3m,3 - 6.6, 622, 6w, G2,
2 8/
6,622
m' momm

 Yhe symmetry elements shown in this column.afe the least symmetry that a crystal can have and
still belong to the corresponding crystal system. In this sense, this column shows the diag-
nostic symmetry elements of each system.

Table 1.2 Symmetry Elements (P39 RS5)

System Minimum symmetry elements
P——AC—ubic B ;’;ur 3 -fold rotation axes

Tetragonal One 4 -fold rotation {or rotation —inversion} axis

Orthorhombic Three perpendicular 2= fold rotation (or rotation - inversion) axes
Rhombohedral One 3 -fold rotation {or rotation - inversion) axis

Hexagonal One 6 ~fold rotation {or rotation - inversion) axis

Monoclinic One 2-fold rotatior far cotation = inversion) oxis

Triclinic None

Traditional & New Ceramic

Traditional Ceramic 8 ceramic Y1970 Silicate raw material ﬁ‘iuﬁ’au‘lmﬁ }J'ﬁqﬁnﬂﬁ'nﬁa AuAuiui ez
» ¥
$i0, 1911 Product 11 q ladeud gusie, nszides, gramis, s gndauwily, ufa, porcelain 404

@9 New Ceramic fintwrs dinInalfi auiersindien 1dvain 4 sthe i
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2 : s q P ot Tl & v 4 ¢ A ~
1)Ceramic Engine fol¥ ceramic BT UUSZORUNTDATBUVUTUNIUAI 9 VBAUATBIOUA WID WA
turbine 1104977 ceramic HuasnuaLSounuMsYad numssanseu 3o I¥iRTaoudnR 1910 ceramic liapy
= o 4 aet o p’ o a - - - 8
flszun coolant, iil¥inTessudiivinaanaaimdnwldanldvain 43lu, dsvaninmge, Yegiuldiinmn
s iin lU 1 dulszneumaisdanlwaissud wuingngy, a7 led, Tade & Figl.s luewing eranzWan
5 . 2 5 A o & 4 g
W0 Ceramic wainlUiFen q uag s T luowmasiennee IdmumnaTesoudoin ceramic 7 lidasil

o .k A o
sEULAIManiuIEE S EULMae Audun 18

_ o X y -t

2l o

¥igl.5 Some symmelry elements of the cubic (a) Reflection plane A, become A, (b) Rotation. 4 fold axis: A become
A, ; 3-fold axis ; 2- fold axis: A, become A, (¢) Inversion center. A become A,. (d)Rotation-inversion axis. 4-fold axis

A, become A’ jinversion center : A’, ( P38 R5)

Fig 1.6 Cleaving a crystal of rocksalt (P2 R6)
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Uit cell onentation
m Gram A

¥ oy
Uit cell orientation
in Gram B

Fig 1.7 Schematic of a polycrystalline sample. A polycrystal is made up of many grains separated from one another

by region of disorder known as grain boundaries. { P7 R1}

Fig1.8 Silicon Nitride Automotive Components ; Norton Advance Ceramic (P203 R23)
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2} Cutting tool, nozzle, valves {1az ball bearing

wﬁmﬁmwfmﬁwﬁymﬁaqmﬁuﬁﬁ hardness, corrosion resistance, tiie Wear resistance 984 Ceramic %11 cutting tool
yiiad1ae) 1 dulidesldFaminute Tane, wlignituBearing) 1 munmdlidewdnnion 9 an down time
Tulseau

Figl 9 ierasmsiinasiiin lfldvigniu

Figl. 10 samsmztd s i T iy ludos welufalany

3)Substrate material in electronic package Ei‘lﬁUF}mmJﬁa Electrical insulator, loss Factor m o
environment stability Up x5 N M Hinvumu Substrate Tua3s I uuueie 9

H1E¥1 Capacior AadutlszglWdh o fun e Dielectric constant ve w5 fin s Winideufuilsyy
ihiidiarmensalumsifulseg 1dnn

) l¥nmuaanif Piezoelectric ¥031y375n 111 Ceramic 11199 uThs Microphone/headphone, nifoulas v,
actuator, lufia Ultrasonic, Sonar 484

ﬁ)ﬁlqmﬂmﬁ fonic conductivity U9FI WA Oxysen Sensor, Fuel Cell, So, - No, decomposition

?)ﬁ1ﬁdﬁ'ﬂl‘i@¥14ﬂ%lléﬂ Superconductor Lﬁ.ﬂﬁﬂﬂi‘ff Magnetically levitate train, malad il AR LN
ﬂu'ug, link computer high speed, é‘a’mﬁuwﬁqﬂu 104

A15197 1.3 iman151i1 New Ceramic 1L ) snmiqaienidasg 4 $silsivazdoavondaglaldn

e a v N
oy s infiny sz juazendila

Fig 1.9 Silicon Nitride Hybrid Bearing ( P198 R23)
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Fig 1.10 Silicon Nitride cutting tool inserts ( P238 R23)
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Table 1.3 Properties and applications of advance ceramic { P10 R1)

Property Applications (examples)
Thermal
Insulation High-temperature furnace linings for msulation (oxide
fibers such as silica, alumina, and 2irconia)
Refractonness

Thermal conductivity

High-temperature fumace linings for msulation snd
containment of molten metals and slags
Heat sinks for electronic packages (AIN)

Electrical and dielectric
Conductraty
Ferroelectnaty
Low-voltage mnsulators
Insulators in electronic apphcations

Insulators in hostile environments
Jon-conducting

Sermmconducting

Nonlinear /-V charactenstics
Gas-sensitive conductivity

Heating elements for fumaces ($i€. ZrO;, MoSi; )
Capacitors (Ba-titanate-based matenals)

Ceramic wisulanon (porcelain, steztite, forstente)
Substrates for electronic packaging and electrical
msulators n general (Al,0;. AIN)

Sparh plugs (Al,0;)

Sensors. fuel cells, and solid electrolvtes (ZrO;, B-
alumina, ete. )

Thermistors and heating elements | 2x:des of Fe, Co,
Mn)

Current surue protectors (Bi-doped Zn0. SiC)

Gas sensors K Sn0,, , Zn0)

Magnetic and superconductive

Hard magnets Fernte magnets[(Ba, St)0  6Fe;0;)
Soft magnets Transformer cores [(Zn, M)Fe,0;. with M = Mn, Co,
Mg]. maymetic tapes (rare-earth gamnets)
Superconductvty Wires and SQUID magnetometers { YBa,Cu305)
Optical
Transpaiency Windows {soda-hme glasses), cables for optical

Translucency and chemical wertness

commumnicaton (ukra-pure sitica)
Heat- and corromion-resistant matenals, usually for Na
lamps (Al,04, MgO)

Nonlineanty Swatching devices for optical compunng ( [LZINbO3)
IR uansparency Infrared laser wvandows (CaFs , SrF, NaCi)
Nudear spplications )
Fission Nuclear fuel (UO ; , UC), fuel cladding (C, SiC), neutron
modetators (C, BeQ)
Fusien Tntum breeder matenals (zirconates and sikicates of L1,
Li,0), fusion reactor hming (C, Si€C, S§i,N,, B4C)
Chemical
Catalysis Filters (zeolites), punfication of exhaust gases
Anticorrosion properties -Heat exchangers (SiC), chemical equipment in corrosive
environments
Biocompatibility Arnficial jont prostheses (Al;05)
Mechanical
Hardness Cutang tools ($1C wiusker-remforced Al;04, SizNg)

High-temperature strength retention
Wear resistance

Stators and turbine blades, ceramic engines (SigN, )
Beanngs (S13N;3)
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UNA 2 Bonding in Ceramic

(571919921113 Bond fiaszniesaeylumsilsznaumia 9 18 2 §wan fe

1. Primary Bond

2. Secondary Bond

{ Primary Bond fi0 Bond Wiilumdnud sws snjsden iddedh 3 adade

1.1 Covalent bond

1.2 Metallic bond

1.3 lonic bond

2. Secondary Bond i@ bond ﬁfiau'ﬁw weak (%1 Van der Waal Ltaz hydrogen bond

wasBaniionlu s Primary UA2 Sccondary HAUMAIN eleetrostatic interaction sgvadszguandulseau
a1stlsenou Ceramic dulnafiiniudie Bond HEUIENINE Covalent LAY Tonic Bond lumisusd hifeswy a1s
ﬂszﬂauﬁﬁﬂﬁuﬁm Pure ionic 1@¥ Pure Covalent Bond
STRUCTURE of ATOMS

pzaausznoudy aadlszney 3 dau Ae Tsaou, haseu, uaz clecron T1lsAseussapusautuiineu
agnsanmuon Hundva D electron 39us0Y 9

othalsfinm clectron fiogaou 9 sxagmuldng 3 Yo

1. electron 390¢ 1129105 AINGWIUAWIZUNA1FIA1 Quantum level 71 electron o IRINNITUR
aums Schrodinger a1 1zUnd electron 92 fll AIUUTIMENELINY (quantum level) Hwdaarudi
qwdaummfuﬁaﬁaﬂ 9 fill s‘xﬁuﬁﬁwﬁ’umqqﬁum a4 fNdALY

ﬁ?tﬁﬁlﬁi‘i’i’uﬁ mﬁmuzwﬁasmﬁ electron E!tuj"lg{ﬁﬂ Quantum number

2. electron UARFI9 Quantum number W4 4 nGoviu 414 ﬁ"’ﬁﬁ}u'lﬂmmf,]msﬂﬁﬂﬁwm
Pault ﬁ‘ﬁ“l “No more than one electron can exist in any Quantum state” AoluTzUU atom 1a & 2z
electron ﬁfl Quantum number mﬁauﬁuﬂ:a 4 A lA

andnanm liudusuveslewuein (Heisenberg Uncertain Principle) 11 51 lijarunsam

AN 341a% momentim YDIDYNIA electron IMQNABINS oY A"

Hydrogen Atom
a é & ' A '
AUNT Schrodinger # 1 nuuM electron (Fagminsduiiuaiug ldt
Oy 8n'm,
aXZ + hl (EIOI_-EPUI)wzo (21)
m_ = mass of clectron= 9.1 x 10™ kg \p = Wave Function

h=Plank's Constant = 6,625 x 10 Js
E, = WA315911%83 clectron = W33 MUamI(Kinetic) + WA MFnS(Potential)
E.= fandaudnin 114910 Coulombic Attraction Force 531313 electron i1 proton
2z, =&

pot

dzer  Anmsr
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14
Z‘ fia ‘lJ'iz‘Q clectron N8 Hydrogen = -1
2y o 1329 nuclcus NTM Hydrogen = +
¢ Ao sy electron=16x10" Coulomb

€, Vacuum permittivity = 8.85x 1072 C*/(J.m) 138 F/m
roOSTUTHINTEMING clectron D4 nucieus

nsdl Hydrogen atom udern1s (2.1) ity

w =exp(—Cyr) (2.4)
" m e’
1o C,= —%-’;-;
~m_e*
oy By = @2— (2.5)

yrme e hildvanesls il w? = Probability fivzwi eleciron #ign (X, y, z)vuzi2a1t 1oa
4 . 1 o = =
(H0391N5 8 Hydrogen atom  Orbital 1Tugansenan Aniu Temiany elecron @USIMAMIINANMT dr
1a 9 wWsuTememi electron aufgnldandunun dr 1a q fa

G ; 2 { =
Probability distribution Function =W = " X qwiﬁuﬁmm anaw x dr

= dxr’y’dr
» ¥
Plotgraph W i r 92 1énawl 2 1a awfudt W ilArmax A r =1, Gan r, 1191 Bobr radius

G I
Tunel§ia lides Plot s v 1y, sz, = &
.|

3 L

Y %

¥ ¥

o -
(a) (&)

Fig 2.1 (a) Radial distribution function of 1s state eletron. The crosshatched strip has a volume 4Tirdr which, when
multiplied by \]ll, give the probability of finding the electron between r and r + dr. The probality of finding the eletron
very near or very far from the nucleus approaches zero. The most probable position for the eletron is at a distance 1, =
1/C, (b) Radial distribution function for an electron in the 2s level. Energy of this electron is one-fourth that of the 1s

state { P17 R1)
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P [ @ o
90 (2.5) umudanag asllnmd s uues elecron Tuozaow Hydrogen dily

15

4
E, =—— _ —_13.6eV
8eyh

1 & ! ! w
Funaiiauiiuay waaanaiy stable 1vanngndamtend i proton

a o d‘ ' o ot ‘z ' - ]
d M3 elcetron Niog luszAundsnmgein ) e 28y wave function Tuaums (2.4) Wl 165

. —r(y
w(r)= A(1+Cyr)exp 5 (2.9)
HAZNAINUT NV electron 1118910
-~me" -136
fer = 8n282h2 = nZ CV (210)
4]

o o < ]
n ity i uouduuan fa 1,2, 3, ... WU principle quantum number
fszhundsandi 2 Wo=2 wnumadduio 14 E,, = -34eV

WA W (Probability Distribution function) Y845ZAUNAINU 28 @0 r LA plot graph ANUFUNUTIZHIIY W
#o ¢ 14 g1 2.1(0) 9ziiudoziie = 0 #i r, uozasila Max 71 r wiladiaun
Orbital shape and Quantum Numbers
idlendanns Schrodinger 9218 Quantum number (QN)Ehuavnedsuilsz$19 electron udazdail 4 fiite
I. Prineipal QN. (n)=1,2,3, .. HAAIIZAUNWDINY electron
2. Orbital Angular Momentum QN. (£)=0,1,2, ... {(n-1)

3. Magnetic QN (m ) =- ¢ B3 + £

1 1 -
4 Spin QN.(m) =, + - UPANTTHILYEN election Wdss, AR

s

A1914% 2.1 A4 Orbital Az Laziad QN §1% 51 Orbital % n AUA 1 Den=3

Table 2.1 Summary of orbitals and their notation ( P20 R1 )

" 1 QOrbital name No. of sy orbitals Full designadon of orbitals
1 & {E 1 Is
2 0 2s 1 2s
1 2 3 2p,. 1ps- 21
3 ] 35 1 35
! 3p 3 3Py 3Py 3P,
2 3d 3 3([6{. 3 s 3d,, . 3d,..3d,,
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Tenteazwi clectron 14 S-orbital Hanyauzidu spherical symmetry 118970 erunisdsdy ad1slsfiam
d M3V electron "ﬁagﬂu orbital P &4 electron 31 Angular Momentom QN (£) =1 ¥ clectron fusundos cleciron 54
Timwsadhlndgudnaniiundoaldinands villdzdsave onital Pidludagal dumbbell Hauemalugal 2.2a

a1ng1) 39U Porbital Sszinuftutiinisnszems etectron 15 2 dau gal§19 Pombital Trsdaesudiii 3
8 x, v,z 1M 3uuncen P, i dlo £ fidi=1 uag M, (Magnetic QN.) Tifi1+1,0, -1

dau dorbital &3 € Tawidu2 w18 M, T18 s e -2,-1,0, 1,2 W15 d-orbital 5 orbitals e d,.d.d,
d, d ., Hgdindy uaas Tasgal 226

VInn ez Fungd 109 Quantum ¢ Harmduiud Taoasefusunsruufidann nuceus nsdl =0 fie
s-orbital 9 WiiszuudaRY nucleus (80 Youzi £=1 Ao p-orbital 92072 HIM nucteus 1 320 dau £=2
fiD d-orbital PITTUNIAAHI nucleus 2 TEU LA INGUMNBN electron 11T 4 dau

N3t f-orbital ?}aa:ﬁ;ﬂ%wﬁ'm’fauﬁumrﬁfuﬁ'@;ﬂm

(Recommend reading TWeus 16ziBuann ref8 naas.dom lasdnd “Inseadnessovuasiussniiuum

SIUNGEGATUAY, " Edition 2 w89 wil1 22-34 Usznou)

Fig 2.2 (a) Shape of p orbitals { top three ) and (b} & orbitals ( lower five ) (P20 R1)
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Fig 2.3 uatndgUi1aue 1 orbitals (P34 R8)
Polyelectronic Atom

aums (2.10) dmSunsdii Z, uaz 2, = 1 Reeyneuves Hydrogen 061 lsfinuidminezaouvespiaiil
. 4 = ¥
Atomic Number Wndsemns (2.10) e Inal 18l

= 1 562" -
El—35 eV (A)
¥
5

UBNNIAUWING clectron 100D | Fluazaon electron ¥ABandniue i 1Al stable ¥99 electron 18

% @

AINANII W BN
A9061%U He § elecron 2 @7 egfissdundaniu n o= 1 T Waun1s (A) electron WA
-136x4

1

¥ ¥ ¥
UAINTAY electron  Aauan 1INBzABY He Mmdsemuiis 24,59 ev minfu (gan31 2.2 ) Watlifloann interaction

¥ ]
=—544 eV dafun15nogig electron BONTINDLABUUDY He A3 1M1 54.4 eV UAWUINGY 9

* o & 1 P ' &5l
FEMIN electron M 1AW stable Y09 electron TRUANTIUDY ; 8813 15AAMMLAINITAL electron #1292 BBNIN

9MBI He MMA9M 54.4 oV v Aufid momwod
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Table 2.2 Electronic configuration and first and second ionization energies of the elements ( P22 R1)

4 Atom Orbital electronic configuration First [E, eV Second IE, eV
1 H 1s! 13 508 o
2 He st 24.587 54416
3 Li (He 25! 5302 75.638
4 Be He: 242 @322 i8.21)
3 B (Re)2s72p" 8.208 25154
é C Hei2e?2p° 11.260 24383
7 N (He12522p° 14.533 29,601
3 0 (Hes2+°2p" 13.618 35116
g F (He.2s%2p° 17.422 34.970
10 Ne ‘He 252 2p" 21.564 40962
11 Na 1 Ne 3s! 5139 47.286
12 Mg iNei3s? 7646 15.035
13 A 1Ne323p! 5986 18828
14 Si (Ne13x3p? 8151 16.345
15 » Nei3s?3p° 10 486 19.725
15 S iNei3s23p" 10380 23330
17 cl (Nei3s?3p° 12,067 23.810
18 Ar (Ne:3s23p° 15.759 27.630
19 K (Arids’ 4.340 31.625
20 Ca (At ds” 6.113 11.871
21 Sé VAri4st3d! 6,540 12,800
2 T (Ar 145t 3d? 6.820 13.580
2 v cArids? 3d° 6740 14.650
74 Cr vAnids! 3’ & 766 16.500
25 Ma | Arids® 3d° 7.435 15.640
28 Fe cArids? 3d° 7870 16.180
27 Co (Arids?ag’ 7850 17.060
23 Ni | Ar st 3 7.635 18.168
2 Cu i Aridst 3210 7726 20.292
30 Zn tAri4s>3d" 9,394 17.964
33 Ga (Arids 3a' 4 p! 5000 20.510
32 Ge (Arids? 3404 p 7.800 15.934
33 As (Anas?3d"4p° 2810 18.633
34 Se (Aryds®3d04 0 9.752 21.190
35 Br (Ands® 3094 p° 11814 21.800
36 Kr (Ar4s23d 04" 13.999 24359
37 Rb (Knss! 4177 27.280
3g Sr (Kriss” 5695 11030
39 Y (Kr)5stad 5380 12.240
40 Zr (K852 4d* 6840 13.130
41 b {Koss'dd® 6 880 14.320
42 Mo Krissl 4d° 7,099 16.150

18



Table 2.2 ( continued ) Electronic configuration and first and second ionization energies of the elements ( P23 R1)

CHAPTER 2 : Bonding in Ceramic

Z Atom Orbital electronic configuration First IE, eV Second [E, eV
43 Te (Kni5s* 4d° 7.280 15.260
44 Ru (Krysst4d? 7370 16.760
45 Rh (Kriss' da® 7.460 18.080
46 Pd (Krjad™ 8.340 19.430
47 Ag (Eri5stagt? 1576 21.490
48 Cd (K15s%4d'° 8.993 16.908
49 In (K552 4d'%5p! 5786 12.869
50 Sn (Kri5s* 4d'" 507 7344 14.632
51 Sb (Kryss2 4d"%5p° 8.641 16.530
52 Te t(Kry5s2 4d05p7 9.009 18.600
53 I (Kry$s2 44t 57 10.451 19.131
54 Xe (Kr)5s2 4g"5p¢ 12130 2 B e
S5 Cs (Xe 16" 3.894 25.100
56 Ba (Xe)6s? 551 10,004
57 La (Xej6s” 5d" 5.577 11.060
58 Ce (Xe)6s? 4 154" 5.470 10.850
59 Pr (Xer6s24 1 5.420 10.560
60 Nd (Xer6s2 478 5.400 10.720
61 Pm (Xeybstaf’ 5.550 10.900
62 Sm (Xe16s24 1° 5.630 11070
63 Eu (Xe)bs2af! 5.670 11.250
64 Gd (Xe)ts2df 754" 5.426 13.900
65 Tb (Meigs?dr® 5.850 11.520
66 Dy (He16s74 710 5.930 11.670
67 Ho (Xei6s24 /1 6.020 11.800
68 Er (Xer6s24 F1? 6.100 11.930
69 Tm (Xeyssta 6.180 12.050
70 ¥b (Xergsq p4 -6.254 12.170
71 Lu (XerGs24 5. 5.426 13.900
72 HE (Xeibs? 4 £ 13547 7.000 14,900
73 Ta (Xer6s?a fH 543 7.890 -
74 W (Xer6s2 4 f 1 st 7,980 o
75 Re Me 652 d f ey 7.880 e
76 Os (Xeits? 4 g8 8.700 e
77 Ir Xes6s74 £ 547 9.100 —
78 Pt (Xei6s 7 54° 9.000 -
79 Au (Xer6sl4 £ 14 5410 9.225 -
80 Hg Xei6s4 5419 10.437 18756
81 T (et 4 H5496 6.108 20428
82 Pb iXebsTa (510657 7.416 15.032
83 By et 1 5g1% 5 7289 16600

Source. Adapicd from | Hubeey . fnorgune Chemntn 2ded | Harper & Row, New York, 1975
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TONIC vs COVALENT BOND

lonic bond 1Anie 88N 2 51931 Electronegativity IANAIY 9 M 11520 maﬁ‘ii‘; electroncgativity #1031
muaTiuFtez1¥ clectron 1 519TT electronegativity 3011 A1519 2.3 AAY electronegativity AT1AA 9

@U covalent bond mﬁmﬁame} 2 ‘U‘aﬂﬁ'ﬁ clectronegetivity TndiRvarunns v Iﬁﬂﬁ'}'l‘lj clectron V01T W}‘f;:\'l
2 1753 energy IndiRoafiudae

Bond MARlUTIsUT IR NILAALLUNG 9 551312 ionic fU covalent bond 131 iBwezssyFarsuas iyl id

v 0 ' ' o « o
bond s¥i130zAoug lauthu ionic bond seniezaBugladhy covalent bond  usiE MBIz s2aNMATT 9 TAve Ay

AHARNTENIA clectronegativity Y0459 2 ¥iiATia1 form bond 1 nd12Re d1HaA1 electronegativity WinnI1 1.7
' T B 3 ' T
91 Bond MARIMITIY jonic bond uazdipas electronegativiey 1108071 1.7 1991 Bond wiifu covalent

Table 2.3 Relative electronegativity scale of the elements (P26 R1)

Element Electronegativity Element Electronegativity
1. H 220 42 Mol ;1 6
2. He NLIHE 219
3L 0.98 3. Te 190
4. Be 1.57 44 Ru 2:20
5 B 204 45, Rh 228
&6 € 2.55 46. Pd 2.20
7. N 3.04 47, Ag 1.93
8. O 3.44 48 C4d 1.69
9. F 398 26 In 1.78
10 Ne ¥ 50 Su(ih 1.80
11. Na 0.93 Su(1V) 1.96
2 Mg 131 S Sb . 2,05
13, A& 161 52, Te 210
14. §i 1.90 53, 1 266
15. P 219 54 Xe 2.60
16. § 258 53 Cs 0.79
17. < 3le 56. Ba 0.89
18. Ar 57 La i.10
19. K 0.82 S8 Ce 1.12

20, Ca 1.00 59 Pr 113
2. Se 136 60. Nd 114
22, T 1.54 0L, e 137
23, V(I 1.63 64 Gd 1.20
24, CxIh 1.66 66 Dy 1.22
25. Mn(Il) 1.55 _ 67. Ho 1.23

26. Fe) 1.83 68. Er 1.24

Fe(III) 1.96 69. Tm 1.28

27. Co(Il) 1.88 1 PEw 1.27
28. NI 1.91 72. Hi 130
29. Cu(l) 1,90 3. Ts 1.50

Cu(ll) 2.00 740 W 236

30. Zn(I) 1.65 75, Re 1.90
31, Ga(Ih 181 6. Os 220

32. Ge(IV) 201 77. Ir 2.20

33 A 218 78 Pt 2.28
34, Se 2,55 79. Au 254

35. Br 296 80. Hpg 2.00

36. Kr 290 81. TID 1.62

37. Rb 0.82 82. Pb(Il) 1.87

38 Sr 095 83, Bi 202

39 Y 1.22 90. Th 1.30

40. Zr(I) 1.33 92, U 1.70

41. Nb 160
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TONIC BOND
lonic bond Wheiusziuiausslunafiemnniadiu nondivectional bord #1991 Covalent Aiiammz§hy
directional bond FonSausanafiems #aviu w1sseney ionic inazdl Mp e, uidaudnlse
detfawusy ionic %uuanm?'nmn atom # elcetronegativity #1031 1% clectron urivzaouRi
clectronegativity g9n91 191 NaCl 155310 Na ozaoul¥ electron | faun €1 uda Na exmounatoiy Na' uas ¢l
ormounaoifiu O Suiiaeddis #o ions Ha 2 1¥enlndfu sy @ Na' uay Ol agraiu oo dewdngldin
Tndiu e r lududideliwdaam v
_EEE
ot dpe,r
z, = Uszyuan n3dl NaCl 19 +1 ud n3dl ALO, 19+3 (AI™)
z,= tszau nidl NaCl 19 -1 wd nsdl ALO, 192 (0%)

¥ e

o3 Aseyis 2 Tinseanuednadu mazaziu E_ duday nineanuh unufideslimwdamdunnis
b o 4 ¥ ¥
ions W1 2 Wi 1ndfunduez 1dndsnusendiwsuile ions Maasudunlndiu w1z ions Ha 2 Tn1w stble 110
£ & a & W & o ¥ ar ghod s wll e
u u B, TunTidgiin 2.4 uemendsnunaoosnaidiodtion 01y 2 1w 1ndfu vinnmuaasdiiud Bad ions
& Yo . . o a o 2
a2 i ndiunivitls ions v 2 Bamwndeameen Ty
v o A e Y @ @ & A o w o N o . =4
a1 lsaniie ions vis 2 Inddudsszdunils Uszgriadoatuneludiues ions e 2 109 Furlszyuani
@ I @ = W a i = - @ . o .
nucleus 484 fons Na' Ay €Iy Aswdan tndfuawfiausandany wasomiifiannidszqaiafoadulu ions W 2

Aanfiean lAnngas

B
B . =—F

rep r n
) ==l
B = 11}u constant 11199580 Born exponent
' o 4 !
n= ANINGY vary TUYIT 6-12
¥
r=32083EN I ions V19 2
¥ = ar P J A o ¥ 3/ 3 as
i B, Tuna il 2 4a ugaandsauwaniiiinyuda ions W lndiu

WAIITU Net MIAUNAINUAA DU WATIUKER

E . = wiuga - wasupan
1 Epm - Erep
ZZse* B
E, - ————%— (2.13)
4rer ¥
k4 "
(FU1I5Y Net energy 1UNTH 2.4a HBASE,,
. dE
figalfwnduvesnsme m ——=0
dr
Aaiunyatl
2
a’EM[ _ —~Z.Z.e 3 nB _0 -
2 n+l :
dr L=,“ 4me,r, Fo
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Repulsive
enenay

(a)

Net |
energy ot

Attractive
energy

Aftractive
loree

(h)

e = |
!

HFy eyuilibrium mteratomic spacing

:
i
!
?
|
|
\
|

Repulsive,

i
i
H
foree i

Fig 2.4 (a) Energy versus distance curves for an ionie bond. The net energy is the sum of attractive and repulsive energics,
which give rise to an cnergy well.. (b) Corresponding force versus distance curve. This curve is derivative of the net

energy curve shown in (a). Note that when the energy is at a minimum, the net force is zero (P29 R1)

=t a1 o A ' P wd A A
Ben g, lawifigad E,, 10310 2.4 unaainudn B 1fad =1,
1IN (2.13) iz (2.14) ufeums m g, Wi
22 (. 1
Epppa =———| 1=~ (2.15)
Ameyry n
' ¥ . ¥
fiyn » =r, fallugaeunad (Equilibrium) ions Y1 2 Swdssudiga mazaniu seble ga luantzdnd

»
fons 14 2 WOHHIAUNINY 1,
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23
5 di o 2
Ny F=— a3l
dr
"y ~Z,Z,e* nB
47[80?'2 rnﬂ

Il v ¥ o
33 2.4b R F dle r 9ziitud) fgacugad # =7, W F=0 Aauuaasifigeil isaga = usendn

INNT I 2.4 a, b ﬂiﬂ")“l 81 99 equilibrium atomic distancer = r, energy YON ion minimum {10 net force = 0
IONICALLY BOND SOLIDS

Aoufik L 183 S iUy jonic s2MA1 jon 2 ons ﬂinﬁmﬂiuﬁawmu 9 ions Suuifuten Sotid
wasmiuszdiuediels

331910 NaCl - Structure A1l 1¢Tnsaad1afsgy 252 ions @ umu Na', Buraunu ¢l

A9 Na' #0gflana Structure oy @30 2.5b 9zedin Na” 415 1% Neighbors 11 €I 8 6 ions Bgrialy)

YUZNNYINY T,
du 2" neighbor il Na’ #0fuied 12 ions agriseen’l 27, Kenm 2.5¢

Uz 3 neighbor 1 €1 8 ions agvseon’lyl v3r, denm 2.5

Fig 2.5
(a) Schematic of the NaCl Structure. (b) The first 6 nearest neighbors are attracted to the center cation, (¢) the second 12

nearest neighbors at a distance J—— are repelled, (d) the third 8 nearest neighbors are attracted , etc. (P31 R1)
1)
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i A y 2 1 a ww 2 :
Aoruillifoss dadusinaunis (2.15) ndsamiuszisaszndig Na szaoy §2ilH1 neighbors A 1 fe

ZZe (. 16 12 8 6 24
e | i L g ew

. - =t ==t =....
suth 4]{5‘0f"0 P I \/5 \/g \/Z \/g

uniumeylu mﬁwé‘aé’hu O (Madelung Constant) ¢

ZlZ?_ez( 1) :
=12 |-~ q
dre,r, n

sum
fhiimuald Latice Energy (Wasnuwuszyeslnseadiy) fendenuntarenuesnenluisisznon ionic
u
I mole datfunz 1d

N, Z,Z.e’o 1
: —~&‘—2—(1- ) (2.18)

Laftice Energy =&, = o

e 4nig, 1, n
N_, = Arvogado number = 6.02 x 107 agai/mole
il o Madelung Constant U84 Crystal structure LU fonic YHUAR 1S 9 11 1A0In M13198 2.4
Gon auns (2.18)21 Born-Lande equation

Table 2.4 Madelung constants for some common ceramic crystal structure { P32 R1)

Structure Coordination number s alt . .
NaCl 6:6 17475 1.7475
CsCl 88 1,7626 1.7626
Zinc blende 4:4 1.6381 1.6381
Wustzite 4:4 1.6410 1.6410
Fluonte 84 2.5190 5.0387
Rutile 63 2.4080% 4.1860%
Conmdum 6.4 4.1715% 25.0312%

x Does not include charges an jons; i.¢., assumes structure is made of 1socharged ions that factor out.
! The probjem of structures with more than one charge, such as AlyQ3, can be addressed by making use of the
relationship

faady  Amuald n ¥9a NaCl=8 1ag lonic radius U84 Na' = [16 pm, CI' = 167 pm et alun13ng 2.4 99

AU Tattice energy 99d NaCl

0¥ 910 (2.18)

(602 x 10™)(=1 x 1)(1.6 x ‘0_19)2(1'748)( —1)
" arx(885x 107 (116+167)x 107} L 8
=-750 kJ/mole
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i d
Tl §iian o uaz r, m1AIN X-ray diffraction @31 n Aeparaneudia Hassvdte 612 mldon

4 o & P ™ ] ' '
compressibility data ¥anwaviild E . afdeulhnmdnlidwailuileg Tusgnine e 12

lattice

v [
aum s (2.18) Witz lastsznaniniu lunieiigndes lavaziduadn lattice cnergy ABav190

-4 B c Dy 9
E."ﬂmw =k+-:_ T+T e e hvma_x (2]9)

Fo Fa 0 B 4

d ; . :
2 terms USAYBIAUAT (2.19) fodunts (2.18) meuluruiufs dipole-dipole uaz dipole- quadrapole
interaction 3¥W3 jon Lm:mauqﬂﬁwﬁﬂ Zero-point correction 11® Vo fi® Frequency FagAVBY lattice vibration

mode

Yt o

i o w o o . o
eumsfl (2.19) 014 18R Ty Solid 1 Bond fAudieiuseiil Degree ATy fonic Bond ga iy vz 14y

Solid il Degree A Covalent Bond g4 hi'la
Borh -Haber Cycle

Lattice energy ¥i11/970 (2.18) 1§11 Jattice energy 91nAIATOAL Tunial§ie hiamisnda latice cnergy

3

o (- h) o - ' 1 = = - o P W P
WarINTaUN ﬂ‘mulﬂﬂ"ﬁﬂﬂnmgﬂﬂﬂﬂﬂiﬂvli} l.ml.ﬁ'm"lll"I‘iﬂl.'ﬂiUUL“I’]U‘UFI'WI‘I?‘]i]'lﬂﬂTiﬂ'l'lJ'JmL’i’lUUﬂﬂ Energy ‘Vlviﬂ

e

s @ W ' = & P
11013 Balance Energy Tualffaniiiiindiu dafadiagy aun1saisiia Nacl (s) Fus udouamms todlu
L
Naf(s) + 5 Cl,(g) — NaCl(s)

mmnIedandinusnwieuiinwsannaindfnserdeuldiiiu AH , (Total Thermal energy of

orm

5 ; a (aas . o i T
formation) = -41 [ k¥/mole azisomazmouaumsnisdalfisodsdudiuannsdon 1aihu 5 funeudsiife

1. Na(s) ———— Nafg)
1
%, ECIZ (®) — B ity
3. Na(g) — - Na @+’
4. Cl(g)+e' ———— @[5

5. Na' (g)+Cl (g ———» NaCl(s)

wIaoudl s 18uemn wds a1 2.6 o0 Bom-Haber Cyele

Eion =lamt -

M (€) ——— e— ()

i s ,»""14. |

; - Epa 1 5

Euap 1 X (g) el ’T te) e

' ! |

i g o :

i E gigs | - ‘ }

) o . s

M(.\)*%Xg(g) = )

Fig 2.6 The Bom-Haber cycle. { P33 R1)
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¥ o ¥
atuwmaasuudaswdsnutundazdunen Iadeil

auN1s |l ﬁ’ﬂdﬂﬂwﬁdﬂu (Endothermic}) M3 Latent heat of Vaporization Ewn i!]ﬂﬂ?i'"lﬁ‘ﬁﬂ!gﬂ Thermodynamic
E,,, N30 Sodium = 107.3 k¥/mole

; I
w - 4 o
quntg 2 Avageandsanudn liliensn Molecule €1, A4 Mole 3 Ty ¢l szmon 1y Dissociation

Energy E . . =121 kJ / mole

diss

auns 3 desgandssmlunts fv electron 1 @2990910 Na (g) 1 8¥@eY WY lonization Energy
E,, = 4958 ki/mole 11091519 2.2

qums 4 1i18 Cl (&) 9¥ABNTY clectron I3AIBWAIN (Exothermic) 98ANUWINY Electron affinity Energy =
-348.7 kl/mole 4035891 A1313 2.5

quis s fiemsf Na“ (g) + Cl (g) — NaCl(s) winfunmsdfouaniugein gas Wiy Sotid il
(fin stable 1-1mﬁfuw11wmm'hﬂﬁﬁ?u1ﬁyﬂzﬂwwﬁwmaanm witaufinwosnu wifu Latice Energy 1011039
a51aman

Table 2.5 Electron affinitics * of select nonmetals at 0 K. { P35 R1)

Element FA (kM/mol) Element EA (kJ/mol)
0—=0" 141 (exo} Se— Se” 195 (exo)
i e 780 (endo) Som—gke” 420 (endo)
Py F 122 (exo) Br = Br~ 324.5 (exo)
§—+§ 200 {exo?} [~1" 295 (exo)
8§ 5 550 (endo) Te—3Te™ 190.1 (exo)
Q) =01~ 348.7 (exo)

" Electron affinity is usually defined as the energy released when an electron is added to the valence shell of an atom. This

can be quite confusing. To avoid any confusion , the values listed in this table clearly indicate whether the addition of the

clectron ts ende- or exothermic.

IFUNANNIT balance UoInaIL AH
AI.Ifenﬂ = Evnp + EDiss #* E’
' o a2 e
unufl 1 wase AL Ag Al ll
—411=107.3+121+.4958 — 3487+ E,,,
uAaunTs 18
E.. =—187kJ I mole

& =1 w g o Vo 0 . A r r 3 *
FelndiRuatuidiuan 1d luded s uaaedl Model 484 Tonic bond Anaundeutl 1¥1A wazuaasi

o . 1 - J L3
g = HATWYDINGINULEY 7 Tufiaku na1fe
By B

ion latt

w9 .
NaCl bond fuUA6i8 UL purely lonic bond
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COVALENT BOND FORMATION
(2l bond ﬁaﬁﬂnmﬁmﬁﬁ electronegativity InAIRYaA UL U7 form bond Tae share electron fu
nouiidRaildeBu Covalent bond e M9U{ Molecular Orbital 483 Robert Mulliken uag N1 Valence Bond

. ¥ L4
Theory Lmiuﬁﬁﬁ‘lﬂﬁgﬂad Moleeular Orbital Theory Wiy 'd’m‘nqufj Valence Bond Q’ﬁﬁuiﬂﬂﬂﬁhu%’fﬂm

£
Ref 8 WA.AS. AinAl lasand, “Insaadisesnon & Wusznll vuiugwnquiajudy
Molecular Orbital Theory

a’ ﬁdy A o o l’ ) ]
nannveavquiiifediessnou 2 szaeu 141111 form bond M 9289 Orbital YumlnuGentdy Molecular
Orbital (MO) Molccular Orbital %0300 O (sigma) T0(pi) Hag S (delta) V1D URBINUTU atomic orbital TSN
a1 s, p, d, £ orbitals

ManMIUBINIsIiA MO oy

: - J Al o ] “’ o
1) MO i@ iU 119U atomic orbitals ¥o30EABUANII WY
2)1MO T electron 8t 18 2 famiionniulu 1 atomic orbital
3 - w Ha w s . L =i

3) M3 fill electrons 1911111 MO 9288MaN electrons 92 fill Tu MO AiimAsumiganeu &3 Fill T Mo ¥

= Qs dg o

HRVE ARG R CETY

o
4) Not necessary to have electron Fill 11&1’}ﬂ q MO Ainavu
. i L4 H 4 . & i 4

910 Schrodinger 13131071 electron 1W3ou'ldfuntu Tugmzfiduniv clectron F3d038 amplitude Mg +

¥ 0 .
Az - Aenw 2.7 Antudiontu 2 gnunsaiuisensunansumsnasald 2 uuy fe

(a} @ Resultant

2

Wave 1 Resultant Wave 2

Fig 2.7 uaasmsivinaeayesilanduniuiuumasy (a) uazuuuiiiaiodg (b) (P24 R8)
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= w & i A 4 @ o
Dunias iy (e uvenduniing panumas i UL WAU) AW 2.7a
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Fig 2.17 (a) The F atomic orbital. (b) The HF molccular orbitals. {c) The H atomic orbital. (d) Interaction of H
Is orbital with one of the fluorine p orbitals. The overlap of these two orbitals results in a lowering of the energy of the
system. The dotted lines joining (b) to (d) cmphasize that it is only the fluorine p orbital which overlaps with the H
orbitals that has a lower energy. The two pairs of unpaired ¢lectrons {unshaded lobes) have the same energy in the
molecule that they did on the F atom, since these so-called lone pairs are unperturbed by the presence of the H atom.

(P38 R1)
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Fig 2.18 (a) Ground state of Si atom
(b) Electron configuration after hybridization
(c) Dircction of spj bonds. Note that each bond lobe contains one electron, and thus the atom can form four

covalent bonds with other atoms. (P40 R1)
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Fig 2.19 Crystal Structures of* Silicon, Germanium, Gray tin. All atoms have CN = 4. There are average of four valence

electrons per atom ,and two electrons per bond ( P410 R9 )
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Fig 2.23 As six atoms of hydrogen are brought together to form a linear molecule, the coupling between atoms incredscs

and the energy levels split as shown (PRI )
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Fig 2.24 The energy levels for solid hydrogen as a function of interatomic distance. The atomic level can be

condesidered to have broadened into bands of aliowed energy. Note the higher levels split first ( P10 R11)
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Table 2.7 Summary of band gaps for various ceramics (P43 R1)

“Materisl ‘Band gap, eV | Material Band gap, eV
Halides
AgBr 2.80 MgF, 11.00
BaF, 8.83 MnF, 15.50
CaF; 12.00 NaCl 7.30
KBr 018 NaF 6.70
Kcl 7.00 SeF, 9.50
LiF 12.00 TIBr 2.50
Binary oxides, carbides, and nitrides
AlN 6.2 Gaq04 4.60
Al,0; parallel 88 MgO (pencalse} 1.7
Al,0; perpendicular 8.85 SiC () 2.60~-3.20
BN 43 S0, (fused silica) 83
C (diamond) S UQ, 5.20
Cdo 24
Transition metal oxides
Binaries Ternaries

CoO 4.0 BaTiQ, 28-32
CrO; 20 KNBbO, 33
Cr Oy 33 LiNBOy 38
Cu 1.4 LiTa0y4 3.8
Cuy O 2.1 MgThO, 3.7
Fe} 24 NaTa(, 38
Fe, 04 3 SrTi0 34
MnG 36 StZr0) 54
Mo, 3.0 YiFe Oy 3.0
Nb, Oy 19

NiQ 42

Tas04 42

Ti0, (rutile) 30-34

V>0, 22

WO, 26

Y,0;3 55

Zn0O 3.2

44
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1 & @ e =
Table 2.8 UTAIAY Energy gap Tuansnedtiungsdia (P142 R20)

-
davinewieen (AihnaranTaag) Favirmiaen {BiAnatanlaeg)
R 1 e
e°K 300°K 2%k 300°K
si : 1.17 1.14 Pbse .17 8.27
Ge 8,74 .67 PbTe 0.19 0.30
Te 0.33 - cds 2.58 2.42
InSb .23 0.18 cdse 1.84 1.74
InAs .36 0.35 cdTe 1.61 1.45
InP 1.29 1,35 cdo - 2.1
GaP 282 2.26 ZnSb 0.56 .56
GaAs 1.52 1.43 Zno 3.44 3.8
Gash 0.81 0.78 Zns 3.91 3.6
Ga,0,, - 4.6 Znse - 2.6
Alsb 1. 65 1.52 sSnTe 0.3 2.18
AlO, - > 8 | AgCl = 3.2
«-SiC - 2.8-3 Agl - 2.8
PbS .29 0.34-0.87 cu,0 | 217 .
Ti0, 3.08 =
Fe:203 = 3-1
KCl 3 7
Mgo - 7.8
Can . = 12
BN & 4.8
LiF - 12
Co0 = 4
BaTio, - 2.5-3.2
i
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Kronig-Penney Model
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Fig 2.29 Variations of ¥ and ‘P'* along the well for different values of n. (P12 R21)
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INEUNT Schrodinger

oy 8n’m,
ax2 + hl [Elot a Epm (X)] Y= 0
uiteans Tdidh
sin
coska= P i + cos ga 2.22)
4 4n2nka
Tae# P= T E,w (223)
(B, Aoamuanussiondasn lunm 2.322)
2
= 7\/2!7181910, (2.24)
27
nae k = —— =wave number
A
Psinga

= . & Y
Mouns da #e —% +cosda (9911 2.22) 11 Cos ka ) 1dnsml 2.33b
a

@ e s . R P
MAUANTAT cosine voayula e ldmmy -1 da 1

.. cos ka IMeunts (2.22) AbAwnmIz -1 e 1 iy
_ Psinga

da

det s ‘ i e
+cospa Alim Idmmz -1 fa 1 vindy
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Fig 2.32 uanmdanudnduozsedundsnuvesozaeudiaufivsmoluninlany (P87 R22)
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(a)

* gosga

(&)

Fig 2.32 (P46 R1)

(a)Approximation of periodic potential that an electron is subjected to in a one dimensional crystal of periodicity a.
Here w is the width of the barrier, and E, is the depth of the energy well.

(b)A plot of the right hand side of Eq. ( 2.22 ) versus ¢a. The x axis is the proportional to the energy of the electron,
and the crosshatched arcas denote cnergies that are permissible, whereas the energies between the crosshatched areas are
not permissible.
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Fig 3.1 Some common ceramic structurc: (a) rock salt, (b) cesium chloride, (c) zinc blende,
(d) wurtzite, (e) calcium fluorite, (f) rutile  (from Ref 1 Page 57)
I. AX,-type

AUANINARATIN cation D) valency 30037 anion 2 MY 3153WAU 15U CaF, M58 TiO, AI061  Crystal

structure U84 @151152n8Y type T Crystal structure 1111 fluorite UWATLU rutile structure faaaalunm i e, I
AMERY
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111, AmB“XP-type
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Fig 3.2 (a)Two octants of the spinel structure . (b) Spinel Structure viewed by stacking the oxygen in

close packing. ( from Ref 1 Page 72)
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Fig 3.3 The perovskite structure centered on the Ti"" ion { from Ref't Page71)

3.2 CERAMIC STRUCTURES
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Fig 3.4 Stability criteria used to determine critical radius ratios (P41 R9) + (P59 R1)
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Fig 3.5 Maximum r,/r, Calculation. (a) for Octahedral coordination (b) for triangle coordination (P42 R9)
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WA 3.6 LAAA Critical radius Y84 coordination LULAII

Coordination  Arrangement of ions Rangeof Structure
number - around centraljon  cation/anion
ratios
3 comers of a triangls 20.155

4 cemery of a tuimhc-dron 20.225
6 cemers of a octaliedron > 0,414
8 comers of a cube 20732
12 coemers of a = 1.000

_cuboetahedron

Fig 3.6 Critical radius ratios for various coordination numbers, The most stable structure is usually

the one with the maximum coordination allowed by the radius ratio (P60 R1)
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3.2.2 Prediction Structures
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Tonic Radius
PO . YoM w v e - ; "o - a »
TIPUAALINUIND lonize Iniasuy elcctron"l‘l.lnfl"lﬂmlzn ionic radius Tsimfu wSeuteh ionize 111‘1.3‘?:?
i ar t = 5 LAy T ¢ &, 3 " Fo.o0a { i = "
(1IAuuAll Coordination number (CNﬂiJL‘V]’Iﬂ‘Nﬂ%M ionic radius |11!l;‘.’ﬂﬂ‘Llﬁ'J!.i M3 3.1 uane Effective ionic
radii 1A8AZIBUAYDY ion 1A q W anwiil CN uaz Valency @14 9 19U Sit N1 CN =4 1 radius = 40 pm si' W

CN =61 radius = 54 pm 138 ; Se* CN =6 1 radius = 64 pm Se™ CN = 4 3 radius = 56 pm 1Tudu

Table 3.1 Effective ionic radii of the elements ( PR5-89 R1)

Coordination Coordination Coordination
lon no. pm_ {lon no pm__ | lon no. pnt
Ac* 4 1260 | Ag** 6 108.0 | Am™ 6 1115
Ag* 2 glo| Agd* 45Q 81.0 8y S 123.0
4 1140 5 890! am** 6 990
4580 1160 | al** 4 53.0 g 109.0
5 1230 5 620| as** 6 720
& 1290 6 675 | As*T 4 47.5
7 1360 | Am*t 7 135.0 6 60.0
g 1420 8 1400 | AtTF 7 76.0
Ag*t 4sQ 93.0 9 1450 | Au* 6 151.0
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Table 3.1 {Continue) Effective ionic radii of the elements ( P85-89 R1 )

Coordination Coordination Coordination

Jon no. pm Ion no. pm lon no. pm
AT 480 22010 caZ” 6 109.0 | €+~ 6 63.0
6 90 i 117.0 8 71.0
a6 710 8 1240 | €™ 4 40.0
g 3 150" 12 1450 6 580
4 95,0 €' 6 1150 | Cs™ 6 181.0
6 4.0 7 121.0 8 138.0
BT 6 1400 | 3 i28.3 9 192.0
3 1520 | g 133.6 10 ie50
§ 156.0 | 10 139.0 1 199.0
9 161.0 | 12 148.0 12 202.0
10 166,01; cett 6 101.0] Cu™ 2 60.0
11 17101 8 l':lO[ 4 74.9
a 12 175.0 10 121:0 ) 6 910
B 3 30.0 12 128.0 | Cy 4 71.0
4 410 or ) 169.0 150 7.0
6 590 {:f4 = & Q6.1 5 79.0
BEB+ 5 1100 3 . 106.0 ] 87.0
& 1170t o 6 1670 | Cu~ 61LS 68.0
£ 131.0 Clj' IPY 26 G 2 4.0
-t " 500 @™ 4 3880 =" 5 1210
B s V15 6 4.0 i 127.0
Bk—u & 970 Cm“ s 1110 8 1330
% o704 Em* (6 90.0 | Dv*" 6 105.2
- ” - 4 169.0 7 110
.t 45Q - 1HS b 72.0 8 116.7
B 1PY 450 5 8.0 9 1233
Bt % 300 6 LS € 9.0 | Ec*” 6 1030
% 5508 | HS 85 % 7 1083
3 " s % 1240 3 114.4
r 22'_2 | oot 6 LS 885 9 1202
é 1000 148 750 ButT 6 1310
o Pagpl ool 4 =41 7 1340
5 oy o HS 67.0 8 139.0
- 3601 ¢’ 6LSs 870 9 144.0
4 1368 TS 94.0 10 149.0
- 3204 £F 6 75,5 | BEu’” 6 1087
5 . i 55,0 ) 150
c& i 020 # SR i it
< P %y 4 485 | 9 126.0
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Table 3.1 (Continue) Effective ionic radii of the elements ( P85-89 R1 )

Coordination Coordination Coordination
lon no. pm lon no. pm Ion no. pm
E~ 2 140 | He*™ 8 1280 | Mn*®  SHS 89.0
3 1160 | Ho'" 6 104 1 © 6LS 310
4 117.0 8 1155 HS 97.0
8 1190 9 121.2 7HS 104.0
7 6 2.0 10 126.0 g 110.0
Fa?t 1HS 77011 6 2060 Mot 5 72.0
4SQHS 78,04 1°° 3PY 58.0 6 LS 720
618 750 6 109.0 HS 78.5
HS grod 1 s60 | Matt 4 53.0
3 HS 106.0 6 67.0 6 67.0
Fel* 4Hs 635 | 3 760! Ma%* 4 47.0
5 720 & 940 Ma®* 4 395
61LS 590 8 1960 Ma™" 4 39.0
HS 7850 It 6 82.0 8 60.0
g HS 920 | ¥t 6 765 | Me*T 6 83.0
Fe** 6 125 | B 6 10| Mottt 6 700
P 1 jsg | K* 4 1510 | Mo* 4 60.0
et & 1248 5 1520 6 750
Ga*t % 10 3 1600 | Me®™ 4 s50
3 63 0 § 165.0 5 640
6 76.0 9 169.0 5 73.0
Gd** & 1078 0 1730 7 87.0
y 1140 12 178.0 | N7 4 132.0
3 1793 | B 6 1172 | N3 6 300
o 1247 7 1240 | N¥T 3 44
Gt b S8 8 130.0 & 270
Ge** 1 530 @ 135.6 | Na” 4 113.0
4 679 4 xaa 7 ) 1140
H* 1 230} 12 150.0 6 116.0
2 | 1 4 730 7 1260
Bt 4 3 6 90.0 3 132.0
6 85 ¢ 8 106.0 9 138.0
7 200 | Lu't 6 100.1 12 153.0
8 970 ¥ 1117 | Ne*™ 6 86.0
Ha* 3 MniolMett 4 710 | Nyt 6 820
6 1330 5 £0.0 3 93.0
Hg*"™ 2 330 5 860 | N* 4 62.0
4 1100 3 1020 6 786
6 N&0 Ma®™ 1 HS 80.0 7 830
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Table 3.1 (Continue) Effective ionic radii of the elements ( P85-89 R1)

Coordination Coordination Coordination

lon no. prt lon no. pm Ion no. pm
No ™ 8 88.0 | P* 3 430 | Pt 6 71.0
Ng?* 8 143 0 6 5204 pui® 5 1140
3 1400 | pa** & 1igo | putt s 100.0

Mgt 6 3 patt 6 1040 8 1100
8 124.9 8 1150 Pu®* 6 88.0

9 1303 | Pa’t 6 92.0 | pu®* 6 85.0

: 12 141.0 8 1050 | Ra?* 8 162.0
Nitt 4 63.0 9 1020 12 184.0
450 63.0{ PL3Y 4PY 1120 | Rb™ 6 166.0

5 77.0 6 1330 7 170.0

6 830 1 137.0 8 175.0

Ni i 6LS 700 8 13,0 g 177.0
HS 740 g 1490 10 180.6

e 518 620 10 1540 11 183.0
No* T 6 1240 8| 155.0 12 186.0
Np* " 6 124.0 12 163.0 14 197.0
Npi* 6 115.0 | Pb** 4 79.0 | Re*t 5 77.0
Np** 6 1010 3 87.0 | Re** 6 720
8 1120 6 91.5 | Re* & 69.0
Np?T 6 89.0 8 1080 | Re™™ 4 52.0
Np®~ 6 8¢ | pd* 2 73.0 & 67.0
NE“ 6 850 | pd*T 450 780 [ R 6 805
e 3 1210 6 1000 | Ryt 6 74.0
3 1220 | pd** 6 90.0 | Rh** 6 69.0

4 1240 | pa** 6 7554 Ru*t 6 82.0

6 1260 | P 6 111.0 | Ru* & 76.6

§ 1280 § j23.3 | Ra®F 4 70.5

OH™ 2 1180 9 1284 | Ru™* 4 520
3 1200 | Pott 6 1og.0 ! mu®t 4 50.0

4 e ) 8 13201733 6 170.0
6 1230 | Po** 6 8108 6 51.0
0s*F 6 77.0 | Pt 6 LR ie 8 3 260
0§+ 6 705 g 126.6 6 43.0
os™* 5 63.0 9 131.9 Fsp’t 4PY 90.0
S 653 | Prtt 6 990 5 940
0s'* 6 66.5 8 1100 6 90.0
os** 4 53.0 | Pt 450Q 74.0 | Sb** 6 74.0
p* 6 $8.0 6 94.0 | 8t 6 885
pi® 4 31.0| 8 76.5 8 101.0
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Table 3.1 (Continue} Effective ionic radii of the elements ( P85-89 R1)

Coordination Coordination Coordination

[on no. pm Ion no, pm len no. pm
Se2” 6 1840 T’ 6 70.0 | US* 4 66.0
Satt 5 64.0 | Te?™ 6 207.0 5 87.0
St 4 420 Tt 3 66.0 : 95.0
6 56,0 4 80.0 8 100.0

sit? 4 40.0 5 1o | v 6 930
5 540 | Teb* 4 57.0 1 v3* 6 78.0

Smtt g 136.0 6 700 | vt 5 67.0
3 141.01 TH*™ © 6 108.0 6 72.0

9 146.0 g 119.0 8 86.0

ST & 109 8 9 123.0 | Wit 4 495
7 115.0 10 127.0 5 60.0

8 1219 11 1320 5 63.0

9 1272 12 1350 | Wi 8 80.0

iz V380 TR 5 160.0 | w 6 76.0

St 4 69.0 | Ti'" 6 g1.0| wot 4 56.0
5 760 | Titt 4 56.0 5 5.0

6 83.0 5 65.0 s 750

7 §9.0 & 745 | 3t 4 54.0

g o5 0 g 28.0 6 62.0

g 6 30§t 6 1640 | Y3+ 6 104.0
7 135.0 8 1730 7 1100

g 1400 12 184.0 8 1159

9 RSl s 4 89.0 9 121.5

10 150.0 6 1025 | vb2© 6 116.0

12 1580 8 120 7 122.0

Ta?* 6 860 | Tm™™ 6 117.0 8 1280
Ta*" 6 520 . 7 1230 | v 6 160.8
Ta’* & 780 Tm™ 6 102.0 7 106.5
% $3.0 8 1134 g 1125

g 25.0 9 1192 g 1182

TH* 6 1063 | Ut 6 1165 | Zn®" 4 740
7 rLle| b 103.0 5 82.0

g 118.0 i 169.0 6 88.0

g 1235 8 114.0 8 104.0

ot 5 90,0 9 1190 2o 4 73.0
g 102.0 12 1310 5 80.0

Tt 6 79 Lt & 90.0 6 86.0
T 6 740 7 98.0 yi 92.0
Te™ 4 510Ut 2 59.0 8 98.0
9 103.0
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Table 3.2 Comparison of the ionic radii with those measured from X-ray diffraction ( P62 R1)

F

Crystal Fag-x Distance of mintmum Pauling radii, pm Shannon and Prewitt

electron density from radii, pm
X-ray, pm

LiF 201 Fp= 92 ry;= 60 Fi; = 90
rp= 109 e =136 : #p =119
NaCl 281 gy = 117 Koy = 95 g = 116
Fop= 164 Fep = 181 rep =167
KCi 314 re =144 i rg =152
rep= 170 rey = 181 Feop= 167
KEBr 330 ryg = 157 rio= 133 rg = 152
rpp = 173 rp, = 185 ro. = 182

' ' o o o .
Wngl aTdszney seudne jon gla 9 eiedeyaninmsia 3.1 w1 o 151 Razamnsovimneldd @
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3.3 BINARY IONIC COMPOUNDS
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stacking ABCABCABC....
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1) Tetrahedsal hole e holeiignaeusouTay szmaudi form W closest pack 4 zaeY fiog Hafu 8 holes Ao 1
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unit cell

2) Octahedral hole 0 hole fignaauseyTauszapuf form 11 closest pack 6 DzABY fiag Wad 4 holes 69 1
unit cell

A1 3.7 b w1 BCE 1 unit cell Usznoudas atom 7l form: closest pack og 4 29N (FUF Octahedral
hole 4 holes i tetrahedral hole 8 holes @RPEAA IUNMIAAIA WMDY Octahedral holes TUYNNANTIT
asunan 4 uanluniwuaas Auvde 484 tetrahedral holes

AIUAM 3.7 c.d LAASAUIMAUY octahedral UAZ tetrahedral hole Tu HCP Ssiimioufu FeC Ao 1wt cell
Ysgnoudaw atom ‘ﬁ‘form closest pack Bg' 4 02RBl NUT Octahedral hole £ holes 1A% tetrahedral hole 8 holes %30

1 [ 1 o = =t o 3 o
namdnetldn « Siuanesnoudt form 1 closest pack = SIUI octabedral holes = 1/2 (%1489 §11IY

tetrahedral holes™
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Fig 3.7 (a) When two close pack planes of spheres are stacked, one on top of the other, they define the
octahedral (B) and tetrabedral (A) sites between them. (b) Location of tetrahedral and octahedral interstitial site within
the cubic close pack arrangement. The number of octahedral site is always equal to the number of atom, while the
number of tetrahedral site is always double the number of atoms. (¢) Location of octahedral site in the hexagonal closc

packed arrangement. (d) Location of the tetrahedral sites, ( P64 R1)

18zl A sznevasiinandansauia: Tassadesn 1didhi 6 Yszianlnajq A
l. Binary Compmmd‘ﬁ anion form FCC 4. Complex Compound'ﬁ anion form FCC
2. Binary Compound ‘ﬁ anion form HCP 5. Complex Compound ﬁ anion form HCP
3. Binary Compound i anisn fari Simplecubic 6. Silicate Compound TiAANINNITEHoLABYDY Si0g" ]
M51efl 3.3 naRanIsiaidena astud
ﬂi::m.‘i'lﬁ l ﬁamﬂﬁﬁ structure L‘ﬂu Rock salt DU Antifluorite
Vsznil 2 Aevandil structure AauA Wurtzite 984 Corundum
Uszianii 3 Aewandifl structure faud CsCl e Fluorite
Usziomii 4 Aewaniiil steucture FauA Perovskite TR Invert Spinel
Uszinnil s fewinfil siucture @3 Tlimenite 94T Olivene

Yzt 6 Aovanill structure LU Silica Types
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MTH9 1AIU55Y cations 2311 A15UTTY cations 89111 holes Arearianiu wie holes silamafu ludadn liviiy
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A8 crystal structure nand19RL B0 13U S11T1 Oxygen 11 form FCC 910711311 cations wudnas llu a5 mils

) VP om n 2, @ g =

Y04 tetraholes 9218 Zine blende structure 9ONIN UAG NI cations tuAnas ) lunSeniisves octabedeal holes fax ¢

¥
x o o -, o/ ="
Rutile structure 889010 iLE‘I%f’ﬁ‘M cations 3 1HVA3 1111 octaholes ‘1‘1\‘11‘!33@1%"131’ Rock salt structure Lﬂu@?‘fu

»
=1

11aR1519 3.3 133 Tdd

¢} Binary Compounds FUARIN anion form FCC

W
winiiulaseenUen1d 4 vilade

a} Rock salt ¢) Zinc blende

b) Rutile d) Antifluorite 3931 310821B8ATBY Structure (HUATUAIT S
(1) Rock Salt MX 6:6 All octaholes NaCl, MgQ, KBr
(2) Rutile MX, 6% 1/2 octaholes TiO,, Ru0,, SrQ,
(3) Zinc blende MX 4:4 1/2 tetraholes ZnS, BeO, SiC
(4) Antifluorite M, X s e 8 all tetraholes Li,0, K0, Rb,O

Rock salf anion *‘n”mflu FCC; cations L‘i’l'”lllﬂﬂfﬂu all oeta holes AINTH 3.1a

Rutile anion %’Ulﬂu FCC ; cations J.“?h"l,ﬂ’ﬂgnu 172 octa holes AINTH 3.1F ﬁ]'lﬂﬂ‘l‘Wﬁ]xLﬁU’j] cations 91 anions
6 fadouseuitiugl octahedron A1 3,96 wrtudah O gadensenTay cadons 3 #2 uaznm 3.9a, c uaaalififtud
sevezunaInsaadieiiufnennTait actahedron [TiO, ] w1 share edges 1@y corners 1Y 3171598 share Tudnumz
ﬁ O Lxﬁﬁ:ﬁa%:qn share 19721314 3 octahedrons

Zine blende anion $uiflu FCC ; cation 8l 12 9949 tetraholes FanW 3.1 Mzl anions so1
cation BY 4 %1 YUIABITU cations TOU anion B 4 Faaauiiu

Antifluorite anion VUL FCC ; cation 1111 a¢lu tewraboles fiienun San1w 3.8 VBT cation 58

anion ’El;li 4 $7 Ymie® cation ABITOY anion I098 @1 .. CN l‘ﬂ‘u 4:8

@ (Cations

O Anions

° g 8 C £ R
\@, ® atxon- }Fiuoritc

2 Anion

} Antifluorite

Fig 3.8 Relationship between fluorite and antifluorite structure. Note that in the fluorite structure the
coordination number of the cations is 8, and the anions are in simple ¢ubic arrangement. Both these structures can be

viewed as two interlaced structures, an FCC and a simple cubic. ( P66 R1)
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Table 3.3 lonic structures grouped according to anion packing ( P65 R1)

Structure Anion Coordination  Sites occupied
name packing no.of Mand X bycations  Examples
Binary compounds -
Rock salt Cubte close- 6:6 MX All oct. NaCl, KCl, LiF, KBr, MgO,
' packed CaQ, S0, BaQ, Cd0O, VO,
MnO, FeO, Co0, MO
Rutle Distorted cubic  6:3 MX, 1/2 oct. TiO;, GeQ;, SnO,, PbO,,
close-packed VO, NbO,, TeQ,, MnO,,
RuQ; . 0s0,, 0,
Zine blende Cubic close- 4:4 MX 1/2 tet, ZnS, BeQ, SiC
packed J
Antifluonte Cubic close- 4:8 MyX All tet, Li1,0, Na,O, K;0, Rb;0,
packed 1 sulfides
Wurtzite Hexagonal close- 4:4 MX 1/2 tet. ZnS, Zn0, SiC, ZnTe
; packed 2% )
Nickel Hexagonal close- 6:6 MX All vet. NiAs, FeS, FeSe, CaSe
arsenide packed
Cadmum Hexagonal close- 6:3 MX; 1/2 oct Cdly , TaS5, ZrSy, Mgl
iodide packad VBrs
Conmdum Hexagonal close- 6:4 M,X; 213 oct. Al,05, Fey 03, CrhO4, Tiy 04,
packed V1,04, Gay0q, RhyOy
CsCl Simple cubic 8.8 MX All cubie CstCl, CsBr, Csl
Fluonite Simple cubic 8:4 MX, [/2 cubic ThO,. Ce0,, UO,, Z10,.
HfO;, NpQ,, Pu0,, AmO,,
PrO;
Sihica types Connected 4.2 MO, 5105, GeO,
tetrahedra
Complex structures
Pergvskite Cubic close- 12:6:6 ABQy [/ oct (B) CaTiOy, SrTi0y, ScSn0;.
packed StZ0y, StHfO 3, BaTi04
Spinel Cubic close- 4:6:4 AB,O; /8 tet. (A) Feal,0,, Znal,0, .
(normal) packed 1/2 oct. (B) MgAl ,0,
Spinel Cubte close- 4.6:4 BIABIQy 1/8 tet, (B} FeMgFeO, , MgTiMgO
(inverse) packed 1/2 0ct. (&, B) :
Hlmenite Hexagonai close- 6:6.4 ABO 2R oct. (A.B) FeTiO 3 NiT:0 5, CoTiO;5
packed
Olivine Hexagonal close- 6:4:4 AB,0, 1/2 oct. (A) Mg, 810, , Fe;Si0,
packed 1/8 tet. (B)

Source: Adapted from W. D. Kingery, H. &. Bowwen, and D, R. Unlmann_ fntrovduction to Cermaics. 2d ed., Wiley.

New York. 1976-

67
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TiOg Octahedron (side view)
(a)

Fig 3.9 {a) ldealized stacking of TiO, ectahedra in rutile. (b} Unit cell of rutile showing Ti-O bonds. (¢} Stacking

of TiO6 octahedra and their refationship to the unit cell. Two unit cells are shown by dotted lines. (P68 R1)

Fig 3.10 (a) Plane of the unit cell of the hexagonal structure of nickel arsenide, NiAs, projected on the
plane perpendicular to the X axis. (b) Clinographic projection of the same structure . The two As atoms represented
by gray circles are those within the unit cell; the others lie cutside the cell but have been added to shown the co-

ordination about the Ni atom at 0,0,1/2. ( P142 R12)
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(I} Binary Compounds AUARTIN anion form HCP

¥
wantiwl e 1 18T 4 «dla
a) Wurizite ¢) Cadmium lodide

b) Nickel Arsenide d) Corundum

q‘ﬂ‘ilﬂiﬂl ; Coordination

Wurﬁite MX 4:4 1/2 tetraholes ZnS, Zn0, SiC,
Nickel Arsenide MX 6:6 All octaholes NiAs, FeS, FeSe
Cadrﬁium Iodide MX, 6:3 172 octaholes Cdl,; TiS,, ZrS,
Corundum M,X, 6:4 2/3 octaholes AlLQ,, Fe,0,, Cr,0,

Wurtzite T5URINM 3.1d) 2INAIMDZIHU anions SV cation UAY cations 38 anion MY 4 Faiy

Nickel Arsenide $1307% 3.10 Tunmeziiud 119 anions 59U cation 1T 6 §3 833 cations 39U anion 1131 6 §1
Uiy

Cadmium lodide WA TaBATH 3,11 91NN 9209131 Oxygen form HCP Taefenavgnlnaifiusaiulaius
[N Oxygen atom 'ﬁag}ﬂuammmﬁu nnnmeziiu 1A% i anions 581 cation (ML 6 72

Corundim Wisimmuuang T structure DT Oxygen form HCP unzeznenlanzidnllaglu 2 Tu 3 vee

»

Octaholes N# esszneuiil Inssadrawuviifidinfie o — ALO, (corundum) taz oo — Fe, O, (hematite)

Fig 3.11 Plane ol the single layer of the structure of Cadmium chloride, CdCl,, and Cadmium iodide, Cdl,,

projccted on a plane perpendicular to the z axis. The unit cell of cadmium iodide is indicated { P151 R12)
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(1) Binary Compound Winamn anion form Simple cubic
waniiuwusgesean 1118 2 wila 16

a) CsCl b) Fluerite 398 1000B8nv01 Structure (Humms g
 Crystal siruotuce | gz  Coordination | Site+ Occupied | e
= “sou+ | +30u- I -~ mnilszney
Cesium Chloride MX 8:8 All cubic CsCl, CsBr, Csl
Fluorite MX, 8:4 1/2 cubic ThO,, CeO,, U0, Zr0,

Cesium Chloride 130514 crystal #anm 3.16) Tunmwiiu1d§a18 149 anions 701 cation iy & nieem
V2UDIBAUIT anions HU cations 3 WAUTATATIad 1931 Body Center Cubic

Eluorite 3 erystal structure R40TW 3.8 BYABNTANNY anion HAZOLADUTUIMNY cation IMNINIZAY
anions 58U cation & & %2 1hug1) cubic ; dau cations 581 anion 1 4 Falug)l tetratiedron Tnseerirsiiignune Tase
afafnludnuaigas sfud iy antfluorite structere fwarmanudaluiade @ ndnediumiives anion f
cation veelnssadniizduiisuveslnseadis antfluorite ﬁmJiznauﬁﬁTﬂﬁaﬁ%’wf‘:ﬁﬁiﬁmmn Tusenisiesiin
flo 20, AlnumaTAm s Iz ana ndnite WY Pure ionic conductivity uasfinnfauas
wilranhTanysssunmaiesiia ndnite mitvaihises  mannduiiiu v 8T uruny 11 “Tough Ceramic”

u?ﬁ&ﬂﬂﬁﬁﬁ compound unknown 2 i 5\31{

Compound fi 1 Higaziafiii Mx uazd radius ratio (r /&) = 0.3

i Compound‘ﬁ 2 figasniin MX, uazd] radius ratio (rfr)y=05

9991131 compound 1ann3 form structure Ly Tiu?

may Compound 7 1 11 ¢/t =03 wirAsd1 ifim wewahedral ON nd19e cation 941 tetrahole Y94 anion ; 71153]
gasailifiu MX 1a@a11 Oceupy 1/2 tetraholes

-". unknown compound § 1 A29d) structure §112 Zine blende 38R Wurtzite structure

Compound ‘ﬁ 21 r/r,=0.35 UARIINAR octahedral CN NATIAG cation ﬂ(ﬁ‘u octahedral hole U84 anion ; M3l
gasilu MX, 1a@adi occupy 122 994 ociaholes

.". unknown compound ﬁ 2 A5 structure LY rutile 158 1337 cadmium iodide structure
1V _Complex compound ﬁlﬁmm anion form FCC

wmx‘fﬁﬁqﬁauﬁﬂ& wuufe a) Perovskite Structure  b) Spinel Structure  ¢) Inverse Spinel Structure

- = (=1
Twazduaves Inseed ooy ianihy

Perovskite ABX, 12 6 6 - B;1/4 BaTiO, , StTiO,
(4A,2B) CaTiO,, StSn0O,
Normal spinel ABO, 4 6 4(1A,3B) A 1/8 B; 1/2 FeAlO,, MgAlQ,,
' ZnALO,
Inverse Spinel ABO, 6 46 4 B, 1/8 | A;1/4 | MgFe,0, W30
B; U4 | FeMgFeO,
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<& o o i o E
Perovskite. UAAlAUMW 33 Fnuzwiud A fiu X swdlefududlu rec Teefi B i leglu 14 waq

< . PR I & A - vod A - oA o
octaholes AT IIMUIT anions 50U B oy 6 A3 INATHHUIADNTNAN 3.12 llﬁﬂﬂ‘lﬁlﬂuﬂﬁ anions 78U A UDY 12617

Fig 3.12 Clinographic projcetion of the unit cell of the (idealized) cubic structure of perovskite ( P167 R12)

o o o . 3 o 1 r o ot s =1
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Fig 3.13 A barium titanate ( BaTiO, ) unit cell (a) in an isometric projcction and {(b) looking at one face, which shows

the displacements of Ti “and O” ions from the center of face ( P632 R13)
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Tabie 3.4 Some compounds with the perovskite structure (330 Ref 12 M1 168)

Not all of these compounds have the ideal structure

NaNbQ, CaTiO, CaSn0, BaPrQ, YAIOQ, KMgF,
KNBQ, SrTi0, Sr8n0, SrHfO, LaAlQ, KNiF,
NaWOQO, BaTiO, BaSnO; BaHIO, LaCr0, KZnF.

CdTiO, CaCe0, BaThO, LaMnO,

PbTiO, SrCe0, LaFeO,

CaZrO, BaCel),

S:ZrO, CdCeO;

BaZr0, PbleQ,

PbZ-0,

s A @ - -
Tnssadednaianieifialaodaudng perovskite Wintoufie AX, structure Mifnnnieozeey B lu
Perovskite 88N (FonTassard19uunfidn “Aluminium Fluorite structure” Aauaad TaunT 3.14 fednmstsznauii)

v '
Inseardrsuuniifie Reo, (Rhenium Oxide) 18z WO, (Tungsten Oxide) 91NATHA 3.14 911 cations TuTasaerds

¥ 1 ¥
uuuﬁwagwuﬁa 8 Y09 cubic WA anions OYAWYNY edges U cube TﬂU‘E‘JQWNﬂaNiz'ﬂ"JN cation 2 @7 U8N
¥ & o 5 o ) -
mnﬁwmmmm anions ‘nﬁ@m‘ém cation N 6

Fig 3.14 Clinographic projection of the unit cell of the (idealized) cubic structure of aluminium fluorrite,AlF,,

Two coordinating [ AIF,] octahedra are indicated to shown their finkage by sharing corners. { P166 R12)
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Table 3.5 Some compounds with the spinel structure (P 173 R12)

Bel.i,F, MpgCr.O* MgFe, 0,1 FeNi,O, MgGa,O,t
MoNa,F, MnCr,O,* TiFe,O,t GelNi,O, ZnGa,0,
WNNa,0, FeCr.O, = MnFe, O, FeNi.S, CaGa, 0
ZnK,(CN), CaCr,0, * FeFe 0.t NiNi,S, Mgln,0,1
CdKL(CN), NiCr,O.* Fe,0, MgRh,O* Caln,0,
HgK,(CN), CuCr,O.”* CoFe, O, t Zl:th,O} Mnln,O,
TiMg, Ot ZnCr,0,* NiFe, O, t TiZn. O, T Feln,0,t
VMg, Ot CdCr, 0, CuFe Ot SnZn,O.t C?In,()‘-t‘
SnMg,;0, MnCr,8, ZnFe,0,* MgAlL O, Niln,0,t
MgV,0.* FeCr,S, CdFe, O SrAl O, CdIn,O,
FeV,0, Colr,5, AlFe, O, Cral.O, Hgln,O,
ZnV,0* CdCr,S, PbFe, 0Oy MoAl, O, :
| HgCr,5,* MgCe,O, . MnAlLOS
ZnCr,Se, TiCo,0, FeALO,*
CdCr,Se,* CoCo,0,* CoAl, O, *
TiMn,O‘ CUCO;O‘ Ni—A-lqu
MnMn,0,* ZnCoy 0 * CuAl0,
ZnMn,0,* 8§nCo,0,r - ZnALOS®
CaCo.8, ALO,
CuCo,5; ZnAlLS,
®* Normal structure. + Inversed structure.

o Aa wa‘ 1 o 1 14 5/ .
MITEE I TUANUAUTUUAN TN AN Iﬂﬂﬁ?l‘lﬂmﬂl‘aﬂiﬂiﬂﬁﬂﬂuﬂﬂ Spincl structure
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Table 3.6 Some compounds with the Illmenite structure (P171 R12)

MgTiO, FeTiO, CdTiO,* a-Al O, ca-Fe,O,
MnTiO, CoTiO; LiNBO, Ti;0; - .. RhyOy
NiT10; V0, Ga, O,

®* Low temperature form.

7 o v 9 a =t
b) Olivene HW 3.15 Lerad Olivene Structure THEEsznBUWIN Mg, Si0, Tunmmaziiud Si szdu O du
tetrabiedrons 1Aafi Si 129ATINGIIYO tetrahedrons WA tetrahedrons via1e 9 sudssaduiu Tasil Mg unsnasg

' a oA o ¢k = v
7181955139 tetrahedrons 91l Tavagileemindl Mg gn O Asusoueg 6 i dau Sill 0 dewsevey 4 a2

O: Mg in plane of paper @: Mg at height 4
@: O at height ja O: O at height ju

Fig 3.15 Plan of the idealize orthorhombic structure of forsterite, Mg, SiQ, , projected on a plane perpendicular to the x
axis. The silicon atoms lie at the centers of the tetrahedra of oxygen atoms, and are not shown. { P241 R12)

it 3.4 Ttz Ti@ous iy 3.3 udy)
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3.5 STRUCTURE OF COVALENT CERAMIC

e

Covalent ceramic ﬁﬁmmﬂa Si,N,, SiC uag f13lsznay Silicate

Sip N, IR crystal structure 18 2 iwufie o uay B S8i,N, MW 3.16 LeIAY crystal structure U111 [3 -form Tulnsg
ad2fl si Fufy N du SiN, - tetrehedron WA AR tetrahedron widafiuiluTaseadradnd Tasdodulallu 3 45 Tu
s A fganauflugaddfio etrahedron #foonumin Plane votniza dam A finssnanafugaduniie
tetrahedron A3 1T plane nszATH BEABN N wegiiagred A ennHasiTud N Uedall si deveg 3 6 vz

7N 1adail si dow 2 &7 idutsz Tun e unit cell iduuUY hexagonal

7
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2
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Fig 3.16 Structurec of B-Si3N4 is is haxagonal and made up of puckered six member rings linked together at corners.

The dark tetrahedra stick out of the planc of the paper while the light ones are pointed into the plane of the paper. The

unit cell is dashed ( P73 R1)

SiC 1fn ldnat Polymorphs Uiy (%14 Zine blende %70 Wurtzite structure RINTH 3.17 LEAY SIiC Aill Tase

ads LA Wurtzite structure

Fig 3.17 Structure of hexagonal SiC which crystatlizes in the wurtzite structure. (P74 R1)
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3.6 STRUCTURE OF SILICATES
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Fig 3.18 j1luaas Oxygen 2 siialulnssadiaveq silicate (P75 R1)
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Fig 3.20 Elfect the corner, edge and face sharing on cation-cation scparation. The distances §,:S,:S, are in the ratio
1:0.58:0.33; that is; cation-cation repulsion incrcases on going from left to right, which tends to destabilizes the

structure { P76 R1)
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Table 3.7 Relationship between silicate structure and the O/Si ratio (170 Ref 1 11 77)

No. of oxygens per Si
Structure O/Si ratic  Bridg.  Non-bridg. Structure and examples

2.00 4.0 0.0 Three-dimensienal
network Quartz, tndymite,
cnstabolite are all
polymorphs of sihca

230 30 1.0 [nfinite sheets
Na»81,0;
Clays (kaoluure}

>
1

ol
ta
W

5 Double chains, e g,
asbestos

% 5 -
V&M A9 20 2.0 Chains (S105 7",

Repeat tmt 18105 1;1 - Neg Sl WO 5

A 400 0.0 40 Isolated SI0]”, tatrahedra
Mg,S10, olivine,

'.Si04 A= LILSIO_‘

The sumplest wavito determine the number of nonbadaine oxyeeas per Stis o divide the charge on the repeat

unit by the number of Siatoms in the repeat umt,

INATI 1Y 3.7 22U LLemTUsEne UFRIRAAIN O/Si ratio i 5 wiinde

1) wandt 05 lpseadraiy 47 Suwaniillassadiedl (510" etahedron Tulassadvagoiiaiy
Sase Wi didoudeR (Isolated) Sonmatlsznou Silicate A Ins LT 1sland Silicate 130 Orthosilicate #3
864 Silicate WInTTAA LTSS UTRAD garnets (Mg, Fe™', Mn, Ca), (Cr, Al, F¢"),(Si0,), uag Olivenes (Mg,Fe'),

(si0,) fanyI1 Silicate NGNTIL NBO 10 4.0
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1 b { IJ - 4 ' % »ﬁ‘
2) waniid -8 Tulngeaiuthy 3:1 Wuwaniiil Tasad 18 (510" terahedron iFavurafiufiyy 2 yu

v ¥ ¥
@uo1 (chain) Genmisdszney Silicate #131 Inssad v Single chain Silicate A18813 Silicate Waniivufialy
BITUHEAND LINAM ($10,), " pyroxene 47U MgSi0,, NaSiO, Fungii Silicate nquilil NBO i 2.0

AW 3.21 yssviafiTes uaas iniumaFounessnig wtrahedrons Tunsngas pyroxene

(Si,0,)2" —amphibole

Fig 3.21 Some silicate ions and chain structures ( 911 Ref 4 W11 46)

Fig 3.22 The amphibole chain (270 Ref 15 YT 26)
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Fig3.24 (P78 R1)

(2} Structure of Kaolinite clay ( showing layered structure ).

(b} Same structure as in (a) but emphasizing bonding of Al " ions.

{¢) Samc as (b} but hydrated. Note polar water molecule easily absorbs in between the layers.
(d) Structure of mica.

(e) Sameas (d) but emphasizing nature of bonding between sheets,
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Fig 3.25 Familiesof plane ( P26 R4)
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Fig 3.26 The Bragg condition ( P31 R4)
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Effect of Chemical Forces on Physical Properties

usslamilvaszninezaey fnadenuaudanenunmyes 9 ufs Taomwzediads Meling Poin,
Stiffness, Theoretical Strength, Surface Encrgy (8% Thermal Expangion

Taoiald Bussbamiloassninezaemnn 50 Melting Point, Stiffness, Theoretical Strength 1Az
Surfacc Energy g9 U919 Thermal Expansion G‘%ﬂ

Tuunilasyadsnamdniud vemuauiamariifus Samiivresninezao

MELTING POINT
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Table 4.1 Melting points and entropies of fusion for selected inorganic compounds ( P97 R1)

Compound  Melting point, Entropy of Compound  Melting point, Entropyef

L fusion, aC fusion,

J/imol-°C) J/tmol °Ch
Oxides

Al;04 2054 %6 47.70 Mullite 1850
BaO 2013 25.30 Na,;0 (&) 1132 33.90
BeO 2780+ 100 30.54 Nb,O4 1512+30 58.40
Bi,04 825 5¢,04 2375+ 25
Cal 2927 £ 50 24.80 S0 2665 4 20 25.60
Cry0; 2330 15 49 80 Ta,05 1875 £ 25
Fu;04 2175425 ThO, 3275+ 25
Fe;0; Decomposes at 17335 K to TiO; (runle) 1857 =20 31.50

Fe;0, and oxygen Uo, 2825%25
Fet04 1507 £ 2 73.80 V204 2067 £ 20
Li,Q 1570 32.00 Y50, 2403 =38.70
L12Z2r05 1610 ZnO 1975+ 25
Ln;0; 225228 10, 2677 29.50
MO 2852 2580

Halides
AgBr 434 LiBr 550
AgCl 455 LiC! 610 22.60
CaF; 1423 i 248
CsCl 645 2217 Lal 449
WBr 730 NaCl 800 2550
el 776 2526 NaF Qa7
KF 880 RbC] 122 2383
Silicates and other glass-forming oxides
B,0, 4502 3320 N2:8i,0¢ 874 3100
CaSi0; 1544 31.00 NaySi0; 1088 38.50
GeQ4 1116 PO« 569
MgSi0; 1577 5070 S$i10; (high 1423+ 50 4.50
Mga 510, 1898 3276 quartz)
Carbides, nitrides, borides, and siliades

B,C 2470+ 20 38.00 ThN 2820
Hi3, 2900 TB, 2807
HiT 3700 e 3070
HiN 3390 TiN 2047
HIS: 2100 TiSiy 1540
.‘»!OSI: 2030 uc 2525
NbC 3613 LN 2830
NHN 2204 VB, 2450
SiC 2837 YC 2650
SiaNy At 2151 K partal pressure of VN 2177

N; over Sy reaches | atmu we 2775

Z1B, 3038

Tal; 3150 ZC 3420
TaC 3085 ZrN 2980 = 50
TaSi, 2400 ZiSi, 1700
he 2625 :
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Table 4.2 lonic potential of selected cations, I/am ( P100 R1)

Li” 17.0 Bett #o |+ BY 150.0
Na” 105 Mot Ao I ALY 60.0
K™ 7.0 Catt Rieh(] i g 100.0

fediusu ALO, v Mgo nwd avtsznoy falwudl mp qendidue devinlsygediafen neings
ALO, 1 mp gantrmsizdnile fombond Alaziu AT da Mg T Mg™ ugin AaeTe Mgo 358 mp gands

1InNATT9% 4.2 Al 8 ionic potential $ =60 @ Mg 3 ionic potential § = 31 Futu Ao adl % aaw
11 Covalent bond 11DAT Mg-O bond

FohZmunlurndhiiud ALO, il mp=2054°"C Yush MgO T mp = 2852°C

{ AS fion Y99 ALO,=9.54 Ji(mole k ) §31U83 MgO = 12.9 J/(mole k) }

Polarizability of anions

“Polarizability” 9 S5AUAIINIBTUMSAT eleciron BORYIIIIMN nucleus HU anions B4% electrons 1AUE
1 Polarizability ‘Ejdﬂ’h cations ‘#ﬁﬂﬂ clectron

dnf3uidionszviig anions veemRMYReIiUluMTIER 90 CT, Br uaz T 9¥Wud1T 1 Polarizability
QI Br Uag CI

anslsenay i anions i Polarizability 73928 degree 151114 covalent bond Qe 33l mp i

foaiid mp ¥93T13152N8V Lil < LiBr uag < LiCl A1 mp yoeerailszneuia 3 Sededt
Lil =446 °C; LiBr=547 "C; LiCl=613 “C
Electron configuration of cations

electron 1% d-orbital @ nucleus ﬁ'ﬂﬁﬂiﬁﬁﬂﬂﬂ’s.‘l electron 1\ s, p orbital ﬁ'aﬁﬂu cation ‘?‘Ilﬁ valence clectron 1y
d-orbital 141 Hg' ' fail Polarizing power Q’Qﬂ’il cation ﬁ"[ﬁﬁ valence electron 11 d-orbital 19 Ca™

s IEREIL He-CI bond 3982 1uiu covalent w1AR31 Ca-Cibond .". CaCl, i mp> HeCl,
UM Hg U atomic number 80 G Hg* inm38aE0a electron configuration 1T 187, 25 2p°, 35 3p° 3", 45" 4p*

H _18

4d" af", 55’ Spﬁ 5d" 51" 97 Ca ¥ atomic number 20 ﬁ'd'lfu Ca™ 1 electron configuration iy lsz, 25" Zpﬁ, 3" 3p6
mthu sewinmsyszneugae i msiszneudalad Mp unairiy mswerls efu 2

) CaF, - Zr0,

2 UOj —CeO,

3 CaFy,~Cal,
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Fig 4.4 Effect of heat on interatomic distance between atoms. Note that asymmetry of well is responsible for thermal

expansion. The average position of the atoms in a perfectly symmetric well would not change with temperature.
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Si0, M3l Crystal form LLﬁlﬂiﬁiNﬁuﬁawﬂform 928 coefficient of thermal expansion LUANANY S5i0, Tu

from 484 Vitreous Silica 3 Thermal expansion coefficient ﬁmmﬁanﬁawﬂu 0 lauiiAya

sl Cu MgO BeO ThO,
Ler ZrQ; PS
16+
ik Al O
' AIN
12} B 4C
Sj 10} Al Mullite
32 o3|
: SiC
06}
0.4 / Si3Ny
/4
Hady Cordientte
. e LAS
e TS0,
Ay o0 800 1206 1600
Temperature, (°C)

Fig 4.7 A (%) versus temperature for a number of ceramics . The slopes for these lines at any temperature arc CL.

For most ceramic , O is more or less constant with temperature. For anisotropic solid, the ¢ axis expansion is reported

(P105 R1)

Table 4.3 Mean thermal expansion cocfficients and theoretical denstties of various ceramics. (P103 R1)

Thea. . Theo.
density, 5 density,

Ceramic g[cmj a{" ol ) x10° Ceramic g]ch a’;" G-l) x 10°

Borides, nitrides; carbides; and siliades
AIN 3.26 56 . SiC 3.20 43-43%8

(25~ 1000) TaC 14.48 6.3
B4C 250 Vo TiB, 450 78
BN 2.27 4.4 TiE 4.95 7.7 =95
CrCy 668 102 TiN 5.40 94
CrSi, 4,40 TiSi, 4.40 10,5
HfB, 11.20 50 wC 15.70
HfC - 12 .60 6.6 B Z1By 6.11 57=-7.0
HfSi, 7.98 ZC 670 69

© MosSi, 624 85 (25 - 1060)
B-Mo,C 920 78 Z1Si, 490 76
NbC 778 66 (25 -2700)
Si3Ny 3.20 31=37 ZN 732 17
Halides
Caf, 3.20 240 LiCl 2.07 b2
LF 2,63 g2 Lil 408 16.7
LiBr 346 140 MgF; 16.0
K1 3.13 NaCl 216 110
Glasses

Soda-lime glass 90 Fused silica 220 0.55
Pyrex 3.2
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‘Table 4.3 (continucd) Mean thermal cxpansion cocfficients and theorctical densities of various ceramics ( P103 R1 )

" Theo, Theo.
density, density,
Ceramic glem®  alccix10° Ceramic glem®  ofcc?)x10%
Binary Oxides ,
Q-N203 398 T2-88 NazO 2.27
BaO 572 178 $105 (L. 232
BeQ 3.0t 85-9%0 cristabolite)
(25 - 1000) Si0; (L. 2.65
Biz 0y (&) 890 140 quartz)
(RT = 730°C) a0, 9.86 92
Bi,0; (&) 890 240 Ti0, 425 85
{650 —825°C) vo, 1086 100
CeO, 7.20 WO, 716
Cry 0y 522 Y;0; 5.03 93
Dyv;04 7.80 85 (25 -1000)
Gd,0, 7.4t 105 Zn0 5.61 8.0 (caxis)
Fe 04 5.24 4.0 (a axis)
Fe, 05 5.18 2105 5.83 7.0
HfO, 970 94-125 {monochnic)
MgO 368 135 Zr0; a0 120
{tetragonal)
Mixed oxides
Al,05-TiO, 9.7 (average) Cordienite 2.51 2.1
Al;05 -MgC 3.58 76 MgO - $105 108
5A1,0;-3Y,04 §0 (25 - 1000}
25 - 1400) 2MgO 810, 110
Ba®-Th0, 5.8C (25— 1000}
Ba0-Zr0, 8.5 MgO -TIO, 79
(25 - 1000} (25 - 1000}
BeOQ AlLO, 369 82-67 MgO 210, 12.0
Ca0-HO, 33 (25 - 1000)
(25 - 1000) 26i05-3A1,05 320 51
Ca0-80; (f) 39 {muliire) (25 - 1000)
{25 - 1700) 810, - Zr0, 420 4.5
Ca0 8104 (a) 11.2 " {zircon) (25 - 1000)
(25~ 700) SrO- TiO, 94
Ca0-TiO, 14.1 (25 - 1000)
Ca0-Zr0, 10.5 StO- ZrOy §6
2Ca0 $i0, (5 14.4 TiOy - 2105 79
(25 = 1000) (25 - 1000y
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Fig 4.8 AV 1 VO versus temperature for cristobalite, quartz, zirconia, and vitreous or amorphous Si0O,. The abrupt in

behavior with temperature are a result of phase transformations. ( P106 R1 )
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Fig 4.9 Force-distance curve showing construction used to derive Eq. (4.8) intext. Slope of line going though r, is the
stiffness of the bond .Tt is assumed in this construction that the maximum force is relate to the stiffness as shown. This

is quite approximate but serves to illustrate the relationship between stiffness and theoretical strength. ( P108 R1)

Fig 4.10 Bond 5¥11140A9UN3® jon £ 199 1lisumiloudy spring (P34 R17)

HQMLQIJ"Q—?

: ¥
Fig 4.1 iiagausanseininniouenas Ifozaeuiia 2 119910 Bond 52 19eaeuazdummunIansiinn

aeuen (P41 R17)



CHAPTER 4 : Effect of Chemical Force of Physical Properties 97
An atomic view of Young’s Modulus
NYD3 Hook’s

o = Y& (4.4)
G = stress € = slain
Y = Young’s modulus

L-Lo
g€ = - To (4.5)
Lo = AnmemiiGudu L = soweniteeen lilifegausaits

Tugedu 9 voans v 4.9%s Futlsasea () 189
F = So(r—ro) (4.6)

15ie S, = Stiffness of the bond

" d
wrun S, = (d—{)

r=

¥4

I3 46%0 ©, Anea 2 9

F o)
5 = —23 (r-r)
Iy Iy

VINATM 4,12 ¢, ~ unit arca

F S, (r—rt,) 8.
ro r() i r'o
SO
G = —¢€
rO
¥ =g (4.8)
1IN (4.6) uaz (4.8) 11
. 1 (dF] 1{a’E
e = —|=—
Ty \dr oy ro \ dr Y

" a J - é 1] 1l
VT Young's modulus Y04 IdR L FuARnid w1482 band oeseningezasululasead e & bond

< a =1
N9 MU0 audla 3 Stiffaess a2 Young’s Modulus g2 lilfae
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Fig 4.12 Calculating Young’ s medulus from the stiffness of individual bonds. ( P56 R17 )

Theoretical Strength of Selids
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SURFACE ENERGY

¥ surface energy fio energy ﬁ#’fﬂﬂ'ﬁumi create new surface area [ A1319UUTY TR 4.13 ﬁmﬁr’wﬁ]u
smlnssadie 2 §d deufezgnuon Auvrnihunwilegruenuds S0 N Hudnens bond Adesiiusngindy

¥ . T
AU new surface arca 1 MIT1INHI0 LAy E,, 0 ndsufitaunas Bond 33 1A
T = NEpong (4.15)

a
N, 1al591 crystal structure 484 €| 34

g &80
©000 4500
b g 9 D ooo\o
O 0 0 O i

New surfaces
0 0 0 O .

r
cooco 90900
cooo ©920p

OOOO

(a)

Fig4.13 (P111 R1)
(a) The creation of new surface entails the breaking of bonds across that surface.
(b) Structure of (100) plane in the rock salt structure.

(¢} Structure of (110) plane in same structure. Note that the coordination number of ions in this plane is 2, which

implies that to create a (110) planc, only two bond per ion would have to be broken,
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A1861N15 A0 R1300 59107 (100) Y94 rock salt structure N1WT 4.13 AUALBWIZ f':u'?'i‘lmﬁ’uﬁsz i
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Net igoa1§lun1svinliifa New surface S0708n 1 model 9151371 4.4 1AM Surface cnergy 494 Solid 1 1821NM3
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EXPERIMENTAL DETIALS
1, Melting Point

13 0eilonT Melting Point 104 Solids 7l 19%u3rnfe DTA ( differential thermal analysis)

Faaza sample 1182 reference 130301 4.14 a) sample Aermilszneudiianinnia dau reference i3
inect (tfipy) o = i Tausia 1119me alumina ‘lum’?mﬂsznauﬁwﬁﬁ'ﬂqmmﬁ (Thermocouple) 3 W2 asadald

¥ sample Haha090 13N reference dIUnIN 3 1%’5'ﬂqmﬁqﬁm1
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2 ; 3 5 vd "
Tun1sFais 19z Aon 9 heat sample Ay reference 1 TI1H T gaduliliSes q uda¥a AT 3a-=

» - ar = & e ar el - @ o o - B
Teampte — Teer Woufvgmngiiinn (1) 493180 Thermocouple #3113 Mounsinrmdmiuisznin AT do T
1AdanIw 4.140

Table 4.4 Measured free surface energies of solid (P112 R1 )

Substance Surface Environment Temp., K Surface energy, J/m"

Mica (0001) Air 298 0.38
Vacuum 298 5.00

MgO (100; Adr 208 115

KCl (100} Air 298 0.11

si an Liqud N, 77 1.24

NaCl (1003 Liquid N4 77 0.32

CaF, (111 Ligud N, o 045

LiF (1003 Liqud N, 77 0.34

CaCO, (,IOTC‘) Liquad N, it} 0.25

v 3 Qs L) 1 = v = =t [} |
Tuaaei Sample &3 hitfans@euilas A T dusud udile sample Manisasuuias 1wy waou Phase
o a e P . o : T e
naziamsganioaenIdowiily Temp 7l Sample uAnd 19310 Temp 989 ALO, Reference i AT Tiwiaiy
o
fud
a aaa <, Ao . 5 & W i <
UnAudnlgnsents meloiihul§izen endothermic reaction Aetiutiia Sample voutda nasufazgannuiou
13 e 4 o N K ag - ar
WA AT &9= Typpre = Trep ity 0 @anu) daanshunim 4,140
& P I 4 < ) & . P aaa
ViaRgMning Mruiuie sample 553188110 liquid phase 11U solid phase FuthulfAiumennuiou

<3 - 2 o n’: o N )
AT smifuyan daiuns e Inyuiu A9 4.14b AXTU S INANTOUBN melting point Y84 sample 18

Thermocouple 3

\ !
Sample Reference
=4 .. Exotherm
0
Fumace l g : “"’ -
K f N Heating Endcthemm
i
|
| 1 Melung point
R A Temperature
{ a ) ( E’)

Fig4.14 (P113R1)
(a) Schematic of DTA setup.

(b) Typical DTA traces upon heating ( bottom curve ) and cooling { top curve)
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¥ q =t T 5 L) ar s ) LS L 4
vz MnTeaiie Gunit dilatometer gulindanm 4.15Twmdsuniseenitu 2 dau daunsefie s lunsev’d
oy Bndau fe daudanisvee

Push rod
— P
2 ERn R £ As sarple expands
e or contracts, push
; Sample holder sod ey onvedinghy.

Fig 4.15 Schematic of dilatometer ( P114 R1)

‘?yuam (sample) qmw“lmm 11 push rod ABAANY sample e sample {1 heat Wioufvzundadu push rod
FerzdellsdauTan15ve10 (linear variable differential transformer) #3192 sense A15IABLYBA push rod 14 Tat
azdoann Ray 1dA AL/ L, Lﬁﬂuﬁuqmwgﬁﬁw q 11 plot ns 18 Fasm 4.7
3. Surface Energies

o " & a 3
M1 surface energy laviausafdealdlumsuen Crystal Fsiisavundaniv 4.16 ud26 1% Surface encrgy
NOAVIUFUIUT

(a) (b)

Fig 4.16 ( P396 R1 )
(a) Surface crack of length ¢ and radius curvature P

(b) Interior crack of length 2c . Note that from a fracture point view,they are equivalent.
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] 2
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Y= (4.17)
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Thermodynamic Kinetic Considerations

Introduction

umiszdunisnn AW difiuafy Thermodynamic ﬁqﬁaﬂ%ﬁuyuﬁﬁuﬁ azihiuma o Tavagyadia
-Free encrgy - Enthalpy
- Entropy
- Free energy, Chemical Potential Il2% Equilibrium
- Chemical Equilibrium & The Mass Action Expression
- Chemical Stability Domains
- Electrochemical Potentials
- Charged Interfaces, Double Layer and Debye Lengths
- Gibbs-Duhem Relation for Binary Oxides

- Kinetic Considerations

Free Ennergy

Gibbs Free Energy uilafidudmissnlssnaudan 2 dau fie Enthalpy () uaz Entropy (S) %'wzmﬂﬁaﬁa 2
fiauﬁ'ﬂmﬂ?ia Free Energy Aol
Enthalpy
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Lﬁa’mtﬁmﬂﬂ?m%’ﬂuﬂﬁmm dq elal ﬂ:u@mﬂﬂ“twuﬂ]fﬂ dT ﬁﬂﬂaﬂ'ﬁ]ﬁ')uiz“?']a dq A0 dT 21 Heat Capacity (©

.

dg
= — 5.1
& (5.1)

P (I o - = Ay P = LX) J 2 o 1 = &
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“Enthalpy (H)” lagfifimua i

H=E#+PV (5.2)
&
W8  E = Internzl cnergy of the system
P = Pressure of the system V = Volume of the system
At di = dE+PV)

nnangded 1 Thermodynamic “misnfaonudamasunisluss (8) = anudeuignldidhluussun) +
iszuUnsEIReR AR (W) dE = dg+ dw
ATy dH = dq + dw + PV + VdP T (53)
1720895 10AUFUN IR (constant pressure) dP = 0 MATIINTOIY dw = -PdV unud1adlu (5.3) 921
dH = dq,
& a - @ 9 P - A - a o
1lufle enthalpy Ao UTmnaanusouiissuy ganieny dedmsnfdanunias s anusumi

PINAVNITTAUM (5.1) 3218 1

¢ _(ﬁ) =(£{fi)
ro\dr), \dr),

= = =
e c, o Heat capacity 11 pressure AI4N
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Bundingaauns ¢, 11984 9331031 enthalpy voerainlaq e
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900

AH 3?203 = ,3?(2,03 - i?:m = IcpdT
298
sinTandfmualia B = -1675.7 kimol furfu
900
B —~Ha = J’ (106.6 +0.0178T — 28500007 *)dT = 64.19kj / mol

298
wnum H™ , , =-1675.7 kl/mol i laleg 1831 0™, = -1611.5k)/mol



CHAPTER 5 : Thermodynamic Kinetic Considerations ' 00
Entropy (S)
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T
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L‘fli%) k = Boltzmann’s constant = 1.381 x 10™ J/mol.K
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3) S, = electronic entropy 4)S ., = entropy du 9
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Fig5.1 Various configurations for arranging eight atoms ( cireles ) and one vacancy ( squares ) . Note that

the exact picture would have emerged had the circles been A atoms and the square B atoms. ( P124 R1)
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Fig 5.2 Schematic of free encrgy versus reaction coordinate curve At ("; - ‘fo .

thatis ,When AG=0, the system is said to be in cquilibrium, ( P129 R1 )

4 o : &y
AG Jutunnavesyuude Sanavessvaning AG fezunda Tasialihiinesyedanne vesszuu
= 1 mole ©38 = 1 atom

FunAG o | mole 150 @0 1 92A0Y 11 Chemical Potential (1) &@A1 Chemical potential #1151 pEael
G A a
specie 71 i 18 9 lussuufia

o P

B =
an; P.T,)

Chemtcal Potential

work that would be required to remove an atom from the bulk of an uncharged solid to
infinity at constant pressure and temp while keeping all other chemical components, j, in the system fixed.

iy :p.?+RT Ina,

(5.23)
1f‘ia p.? = Chemical potential of pure element or compound ﬁ?ﬁ i at standard state
a,= activity of specie i = ¥;X; (5.25)
e Yi = activity coefficient of species i
X =

i = mole fraction of species i
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e a = ly
= Jpe (5.26)

iie P, =measured partial pressurc

P, = partial pressure at standard state (measure at 1 atm or (.1 MPa}

Py B
110 (5.23) uay (526) 3 1éh  Au=RTI #

0
A ¥ v W o QY W o .\ A g w @ v g @
nnfnanumdnsduasiildmlemsdman aciviy weauaasumite 1idhlonisda activiy szveunda
L] Qe G ﬂ,
st lumelfiasail
D thmrusldezaeuvoslans M adlU vacuum @2 seal udnhly heat udnvssunugadudain Partial
4 r ar @ " - 3 o [
pressure 484 M #i Temp 91199 fufinz 18 equilibrium partial pressure 9849 Pure M (Pff) A Temp #1139
1 a o o o a
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o 4 ' : Y o - Y Y ow . &4
uaz Tane pure N i ludnan 50:50 1alunasudmiunilouds 1 ud2¥a Partial pressure @3
+ A b P ¢
i Idvzdhu lanouniladail

a) Mole fraction of M atom in gas = Mole {raction of M atom in alloy Hin R =45 AER TG s 0L

P, -
a; = | po = 0.5 113 s ideal mixture UA ¥, activity coefficient of species M = 1
L ) @ o Pi- . ) )
b ) Mold fraction 483 M ingas < 0.5 AdUU a; = po <05 oy, <1 uaasheznen M yeueyluy

form 4184 solid %38 liquid 11nNT19g 1ug1/v89 gas phase

o & 'y ; ;
¢) Mold fraction ¥84 Min gas > 0.5 AWM @, =" /5, > 05 = y >1 uspsitozeen M v¥oueglu

form 993 gas phasc mﬂn’imq’lu;ﬂmm solid M3 liquid

Chemical Equilibrium & The Mass Action Expression

- — 1
wiswnlgisen M(s) + 5% (g) = MX(s)
»
Driving force voufinatniine AG
o ' e ‘;‘ “a J 3 =4
AG = frecenergy Hudwandnljfzoriisuiaiuldoindudola
AG o, 83 1UFATe 10 9 Usznevavilado 2 dau Al 7
AG,, = AG., + RTInK (5.27)
i AG?nx fio free energy change mmﬂﬁﬁ?mﬁ standard state
- 1 ar . " &
uaz K fin A1nsdauaad (cquilibrium constant) %3 w11d10

a
K= % — (5.28)

1
a,(p,)?

Ay B activity veamstlszney MX a,, Ao activity ¥9amsilszney M

P, D Parlial Pressure 199 gas X,
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K., =exp|AG, /RT]
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aAd+bB < ccC+dD

dasuirvealfito it r = k [AI'BY
dasudavenlfisenlbnmds r = klCITpy’
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v
e G
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[CITD)/ [AVIB]" =k/k, =K (x)
5 d
a. a
a 1 = ' C D
niadoudnatiamialdd Ko ———e ()
a/\ aB
A - B S| . e Y o &
0 a, = activity 499 species N1 1 4 °lumamuﬂaﬂmm’fmmmammanﬂaﬂ
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R LIRRITY
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¥
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2 3
K =P yn/Ppl (W)

defunmmdumusznin K Tuaunis () fu (9) Saden K Tuawns ) 9 K, ttaz K Twaunis (1) 1 K,
Tauft K, uaz K Sianmduiudi udl
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AN AU mole V04 pas ﬁ;ﬂﬁﬂu'lﬂ‘luﬂﬁﬁ?m Futu An= (c+d)-(a+b)
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o 9 ‘ aan v o W o , : = t o s i ;
Ao A0 U FRTo eI e Uy gas Oxygen 11U gas sulfur dioxide 3810su K T wazdunde i
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VINEUNITVIIAY K*=[80,]/{8{[0,]

p

o o =1 s [ o e as x

dmgiuiluvewis uagmududuves 4 uishal§isoildndnoue viavesimeduewenfomlasld
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Chemical Stability Domains
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=
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e S 2AG} . ]
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o
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A4 -792.6  KJ/mol

AG, ., = -516.8  KJ/mol

92 W I Chemical stability of domain Y8431 Fe-O M @il 1000 K

381 UfSen i oxidation 104 Fe uay Fe-oxide 1Wuu ladaaunis 1-3
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N 2
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e —
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e ) —206.95x1000
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L s g W
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il

rl

In PO




CHAPTER 5 : Thermodynamic Kinetic Considerations | !4
PO, = L14x10" am (D limit of stability %04 Fe,0, #i 1000 °K)

170 (3) Free energy change voufisennisifia Fe,0, #i 1000 K i1y
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Av

L, = Chemical potential per mole ®YNA Specie i laq

N,y = Avogado’s number i ﬂs:ﬁwm electron

2z, = Aszyvesoynini lag = electric potential

asfinfesaiiu Molar (Hou Electrochemical potential ¥
nmoR =+ Z PO (5.34)

F flo Faraday's constant = N__ e = 96500 Clequivalent

vinaumsssiudnlizg Ze Wi o (ud) m; = 1, thues 7

N Faumilonudu Gliree cnergy) nd1aRe fduaal — d m; =0 nandnediedt fidugad electrochemicat

potential gradient YB3 species sz 0
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Kinetic Considerations
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AuANaIILAIN NN 9 TRUURRLAUBURD IR free cnergy aWgR ualumnlfUR s fidewuens
] < v ] o
sznevvasriiafilassadiaumy Metastable Y510 Iitsuviuagiilng 9 (1u nsWY Cristobalite AT metastable
. o e . =y o o
form w84 Silica Ysngliviulusssumdfigamgiies-useiu | vssema sumaiiecslszneunan metastable
form MiuJRuuihi stable form 312 rate vou)FAsv sl foualawialddunn
Rale = _B.F
= B o = wa < 2 3
B = Proportional constant Lﬂuﬂmﬂuuﬂmww AAVBIIVY ‘Iumaﬂgum B evsrvueda diffusion
coefficicnt M@ rate reaction constant, 150 conductance etc,
o . - wwvlsrn maa 4 ﬂydguc a L)
F = driving force A8 usapanaubiifialfifodaazinaviovisoiu fuhmeuiiszunegiianin cquilibium
nnteudivala
msilasulasnatiag driving force YU UTNERITIN 5.1 AR driving force YoM onuilasiin
' o 1
A199 INATTIITEHUN
1) driving force Y041 §jAsunal 1n 9 191 oxidation, crystallization fig AUABINTAR free cnergy VBI3LUL
5 A “ (W TR 3
2) driving force Y84N19IAA creep Aiv AIWABINTIAALTIMEUDNTNTE R AUIUUM s TdwfaEEn
: £ : d
3} driving force 493017 sintering (1A grain growth fo msmmwmﬂim:uuﬁmmmﬂ surface cnergy

4) driving force ¥DINI fracture LA, WA ﬁanwﬁuﬁﬁﬁqﬁ'mﬂﬁaﬂ sirain energy

A1313% 5.1 Typical orders of magnitude of driving forces governing various phenomena (P144 R1)

Process Driving force  Typical values, Comments

Jinol
Fracture P;”oz fary 05 ois stress at failure and ¥ is Young's
(Chap. 11) modulus
Grain growth 2y /T 200 pup is grain boundary energy, and ris
(Chap. 10) radius of a particle
Sintering or 2yfr 100.0  yis surface energy term (Chap. 4)
coarsenung (Chap. 10)
Creep (Chap. 12) oV 1000.0  ois applied stress and ¥, molar volume
Crystallization AHATIT, 3000.0  AH isenthalpy of transformation, AT is
(Chap. 9) undercooling, and 7}, is melting point
Interdiffusion RTx Inx, + 50000  Assumingideal solution [see Eq. (5.11)]
(Chap. T} xpnxg)
Oxidation AG: 50,0000~  AGL . free energy of formation of oxide-

form.

(Chap. 7) 500,000.0 normalized to a per-molé-of-oxygen basis
t Assumptions: 1000 K, molar volume: 1077 r:n]/m'ol (10 c,mj/mal}', r=lgm,y=1 J/m2 s
=100 MPa.
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UNN 6

DEFECT IN CERAMICS

6.1 INTRODUCTION
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Fig 6.1 Ball bearing can be used to simulate how atoms are packed together in solids. (970 Ref 17 WY 101)
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Surface

Fig 6.2 Surface atoms (Schematic). These aloms are not entirely surrounded by others,

so they process more energy than do the internal atoms.
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Fig 6.3 Various types of defects typically found in ceramics. Misplaced atoms

can only oceur in covalent ceramics due to charge considerations.
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Nonstoichiometric Defect Reactions
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Fig 6.7 (3) The formation of an oxygen vacancy by the loss of an oxygen atom to the gas phase.. This is a
nonstoichiometric reaction because the erystal chemistry changes as a result.  Note that as drawn, the electrons arc
localized at the vacancy site, rendering its effective charge zero. (b) A Vo' site is formed when one of these electrons is

exited into the conduction band. (¢) The escape of the second electron as VG“ site, (210 Ref 1 N 164)
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Extrinsic Defect Reaction
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Fig 6.8 Bookkeeping technique for impurity incorporation reactions. (a) CaCl, in NaCl leaves a vacancy on
cation sublattice. (b) An alternate reaction is for the extra Cl ion to go interstitial. The reaction is unlikely
given the large size ol the CI ion. {¢) ALO, in MgO crcaies a vacancy on the cation subiattice. {d) Mg in
Al O, creates a vacancy on the anions sublattice. (910 Ref | i 166)
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Electronic defects reaction
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WORKED EXAMPLE 6.2. The following information for NaCl is given

At 600 "K: K,=3.74% 10¥ em™ and K (on cation sablatticc) = 5.8 x 0% em®

AL800 °K: K =7.06x 10" em® and K.= 1.7x 10”7 em®

Calculate the equilibrium number of defects at 600 °K and 800 K

(andfimun K, uaz K, 1b¥ uduen1¥is1§maemi Concentration 109 defect 71 600 tiaz 800 °K)

M usnge 1WAsuaunisved defect nou

1) Schottky Defect

null < V.'Cfu +Vg | Ky = [Vii’a][V(,.'[] e 1D

2) Frenkel Defect {on cation)

Nay, < Vy, + Na; | Kp=WgllNa;l @

WINTLULAA Defect Mampaxiiandoud i uaash Charge neutrality {1
Vy=Na: +V,, L ®

(1) +2) il V;,H(Na,.' + V4 ) =K+ K; (4)

duiiaos waus (3) s @) (V,f,u)2 = K,+K, )

- " " O s
Solving for the various concentrations at 600 ~K one obtains

Vi =66x107cm™ Nal =88x10° em™ V3 =57x10"em™

whereas at 800 “K.
Vi, =94x10%cm™ Na =18x10% em™ VI =75%x10%em™

6.2.6 Steichiometric Versus Nonstoiclmiometric Compound

msilsznaunAasLalaNE NS0 JASIAA Stoichiometric 4aY Nonstoichiometric 1aiviiauiu

719137 6.1 leraanatnase luntaifia Swichiometric 39 Nonstoichiometric ¥99M151/55n81 M,0, ¥inw134]

Table 6.1 Range of Stoichiometry and existence domains of a number of binary oxides at 1000 °k (P 176 R1)

Deviation from stoichiometry Stablity or existance regiont
—‘QQPEL
Oxides Xt Xmax AT Min Max
Nonstoichiometric oxides
TiO 0.8 13 0.5 4428 41§
Tiy 04 1.501 1513 0.011 41.5 R 1;
Ti0, 1.992 2.00 0.008 257 o
YO 0.8 1.3 Q.5 359 332
MnO 1.00 1.18 018 34 5% 10.7
FeQ 1.045 {152) 0.155 2168 17.9
Fe;0, 1336 1:381 0.045 17.9 10.9
CoD 1.00 1.012 0.012 17.18 25
NiO 1.00 1.001 0.001 16.58 e
Cu,0 0.500 0.5016 0.0016 9978 10
Stoichiometric oxides
Al,04 1.5000 1.5000 71.3% —
MgO 1.00000 1.0000 51.58

T Foran M, Oy oxide, x = bfa~5.
?  See Sec. 5.4 for more details.
§  In equilibrium with the parent metal.
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Fig 6.10 Typical thermogravimetric results for the Oxidation of FeQ,
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6.27 Energetics of Point Defects Formation

vinfiandradunadiuldh dunls AG o5 defect vosmslszney Oxide Wiinsha 9 118
AWMU equilibrium defeet concentration (AINTUAUYDS defect) TuaisUsznoysuRa defect Rozapwu/am’

A9 NA 62 AR Thermodynamic Data ¥84 defect 14 9 Tuamsissnovsiiadng dnhveyavinarsn
1l e Enthalpy of formation Schotty %38 Frenkel defect T atkaline-halide 1a % Fi'l‘?hﬁﬂ’ﬁﬂﬂu‘lha 100-
250 kifmole atalsfianlumalfnadaldeialusag ~ 650-850 kiimole Wiinlioes mswinaduans hild
ﬁmsmu?’imﬁv (1) Long-range Polarization ¥@4 lattice Lﬁﬂtﬁﬂ defect UaY (2) Relaxation U84 jons 191 9 USnuna

v .
defect fminilade 2 eansthnfiasandieas 1891 A1 Enthalpy 91138 sz 1nAlR89RY Enthalpy #1314

Table 6.2 Defect formation migration for various halide (P181 R1)

LY, TH— A porms A"mlg' Asmlg" in
Crystal Defect type kJ/mol in units of R kJ/mol units of §
AgCl Frenkel 140 9.4R 28 (Vi) ~1.0 (VAg)
1 wAng;) ~3.0 (Ag])
AgBr Frenkel 110 668 30 (Vig)
520 (Ag!)
BaF, Frenkel 190 40-70{V;)
60~ BO ()
CaF, Frenkel 270 5.5R a0-70(vp) 1-2(vp)
80—100 <F) S (E)
CsCl Schottky 180 10.0R 60 (Vi)
KCl Schottky 250 9.0R 70 (Vi 2.4 (Vir
LiBr Schottky 180 40 (Vi;)
Licl Schottky 210 40 (Vi)
LiF Schottky 230 .62 70 (Vi 1 (Vi
Lil Schottky 110 40 ¢V )
NaCl Schottky 240 1008 70 ¢V, . 1-3 (Vi
StF, Frenkel 170 50100 (Vg °

LINEAR DEFECTS

Fundnethait Dislocation fie defect TianyazoIdaiisathudy issesde ludnilu 2 aiia fio
1) Edge Dislocation 2) Screw Dislocation

Edge Dislocation fla dislocation 1":; dislocation’ line - 1 Burgers vector @21 Screw Dislocation fio
dislocation‘ﬁ dislocation line YUIAY Burgers vector

Edge dislocation N0 6.11 LanIATW Edge Dislocation 3 11§ wziudezaeuis Wihuovderioalt
#1110 Plane voanszamuarfiozaounliiion dislocation line

AW 6,122 neraa 1T dislocation tine Srna L 0 Burgers Vector

mwﬁ 6.12b HAAINITNITHINAN TAUASUU AV Burgers Yector

Burgers V cetor 18 vector LaRIRANIQ¥BNTS Slip ¥94 lattice tiloifn dislocation Tuvmafifisannse

MINUAUASTIFMIE Burger's vecter 1A31NN13@0YATINA Finish 6990 Start Aiveviw'lal daniwi 6.126
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Fig 6.11 Edge dislocation, the width of which is characterized by Burgers vector b. (P183 R1)

(b} Holf piane

&£

islocotion “line® &

o

Fig 6.12 An edge dislocation, (a) viewed from a continuum standpoint (i.c. ignoring the atoms)
. . : 4 & wil it
and (b) showing the positions of the atom near the dislocation. NFINTAVULTAINTTUUTOIN

YUIAUAZTANT burger vector (AITWN Ref 17 ¥Ti188)
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Fig 6.13 A screw dislocation, (a) view fram a continuum standpoint and (b) showing the atom positions (P91 R17)
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Fig 6.14 (2} Schematic representation of a low-angle tilt grain boundary made up of a series of distocations with

the Burgers vecior b spaced Kq apart. (b} Structure of special of coincident boundary in MiQ. (370 Ref 1 viTh 185)
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Fig 7.2 ( P193 R1)
(a) Diffusion of atom by vacancy mechanism.  (b) Interstitial diffusion mechanism.,
(c) Interstitialcy mechanism (d)For the interstitial atom shown in (b),to make a jump, it must

overcome an encrgy barrier AH*m

* 7.2.1) Phenomenological Equations
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Fig 7.3 (P93 R13)
(a) Steady-state diffusion across a thin plate.

(b) A liner concentration profile for the diffusion in (a)
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@08y A plate of iron is exposed to a carburizing (carbon-rich) atmosphere on one side and a decarburizing
(carbon-deficient) atmosphere on the other side at 700 °C. 1If a condition of steady statc is achieved, calculate the
diffusion flux of carbon through the plate if the concentration of carbon at position of 5 and 10 mm(5 x 10~ and 10” m)

beneath the carburizing surface are 1.2 and 0.8 kg/mj, respectively.  Assume a diffusion coefficient of 3 x 10" m/s at

this temperature. (31N Ref 13 w111 94)
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7.2.2 Atomistics of Solid State Diffusion
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Fe dcoy 50X 107 284 67.9 2.94 i S e
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c a-Fe  62x 107 80 19.2 0.83 S £ 5 168
F _ 900 . 9.2 x 107
C y-Fe 1.0 % 1073 136 324 1.40 1100 7.0 % 10-!
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X
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UVUAT D, 1A Q 3INAT51A 7.1 14

D=(1.2x10"m’ /s)exp[m

(131000 / mol)
(8.31J / mol K)(400 + 273K)

D =81x10"m's
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Fig 7.6 Temperature dependence of diffusion coefficients for some commion ceramic oxides (970 Ref | #11201)
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Fig 7.10 Range of electronic (right hand side) and ionic (left hand side) conductivity

in (Ohm-cm)-1 exhibited by ceramics and some of their uses. (310 Ref 1 ©i1213)
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Na {electrode) = Na*+¢! (external circuit) Na*+e! (external circuit) => Na (electrode}
Na*ion conductor or solid electrolyte

Fig 7.11 Experimental setup for measuring ionic conductivity. If the electrodes are

non-blocking then the ionic conductivity is simply R, = V/Iion (90 Ref 1 ¥1¥11 215)
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Fig 7.12 Tonic conductivity as a function of reciprocal temperature of a number of fast Ag,

Na, Li, and F ion conductors. Tg denofes the glass transition temperature, (270 Ref | nih 216)
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Spinel block 3 / / @ @
o= Sl i
Sp:nel block /pl(:;:llels] = \ 1@
-0 7 o
: (7

(@) (b)

Fig 7.13 Structure of B AL, (a) Plane parallel to c-axis (b) Arrangement of atoms in conduction plane (i.e., top

view of conduction planes). Empty squares denote equivalent Na in sites that are vacant. (910 Ref [ wih 217)
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4
—— Single fluorite phase
S -—~~ Two-phase region
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Fig 7.14 Effect of doping on the ionic conductivity of a number of oxygen ion conductors {219 Ref 1 Wi 21 8}

7.3.3 Electronic Conductivity
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Fig 7.15 Schematic of encrgy levels for (a) intrinsic semiconductors, (b) exirinsic semiconductors,

and (¢) non-stoichiomatric semiconductors. (377 Ref | Wi 221)
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Fig 7.16 Fermi distribution for two different temperature; E was assumed to be 1 eV. Note that whereas
the distribution shifis to higher energies as the temperature inereases, E_ defined as the energy at

which the probability of finding as electron is (1.5, docs not change however. (317 Ref | W11 220)
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Fig 7.17 Schematic of (a) an n-type semiconductor and (b) a p-type semiconductor. The hole is formed
when Al is added to Si. .With the input of energy E_, an electron from the valence band is promoted

into the site labeled efectron hole, and a hole is created in the valence band. (370 Ref | i 224)
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Fig 7.18 Temperature dependence of the electronic conductivity of an extrinsic semiconductor,

Region 2 is sometimes referred to as the exhaustion region. (911 Ref 1 nih 226)
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Fig 7.19 Schematic representation of changes in conductivity as a function of oxygen partial pressure for
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Table 8.1 Desired microstructures for optimizing properties ( 910 Ref | i 332)

Property Desired microstructure

High strength Small grain size, uniform microstrnicture, and flaw-free

High toughness Duplex microstructure with hugl aspect ratios

High creep resistance Large grains and absence of an amorphous grain boundary phase

Optical transparency A pore-free microstructure with grains that are either much smaller or
much larger than wavelength of light being transmitted

Low dielectric loss Small, wifornn grains

Good vanstor behavior Control of gram boundary chemistry

Catalyst Very large surface area

Fig 8.2 Example of microstructure of group Al aluminas showing (b) and (¢) coarser-grained

material of duplex grain size caused by the onsct of grain growth ( 970 Ref 25)

Fig 8.3 UaRIANHMUBINDNUDY Sr-6AL0, NIIdNHMY High aspect ratio (370 Ref 3 W11 756)

Stages of Sintering
HUeng Sintering poniily 3 stages fin
1" Initial Stage 2" Intermediate Stage 3 Final Stage

< o oa & 1 T
1519 8.2 waminmsldounlasiinediu lumay stages YBINIT sintering

180
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Table 8.2 Stages of sintering

1st stage (initial)
Rearrangement
Neck formation
2nd Stage (intermediate)
Neck growth
Grain growth
High shrinkage
Pore phase continuous
3rd Stage (final)
Much grain growth
Discontinuous pore phase
Grain boundary pores eliminated

Initial Stage T stage 1 particles wvduauie WM yaduiaiy paricles soudranniiqe uazGmiasasss
o = = = 4
52 partictes (360971 “Neck” MW 8.4a-c uaasnisifaouilaslu sage 7 n 8 42§ particles (Fudu mw 8.4b

wernan1s YA (rearrange) Y4 particles iie 1 Dyadudaiu particles soudhaunnian 0w 8.4c LarAImMaAa neck

(neck formation)

o Particle

f Porosily

(al tel} )

Fig 8.4 Changes that occur during the inilial stage of sintering (a) Starting particles
(b) rearrangement and (¢) neck formation (310 Ref 3 Wil 521)
owoznand a1y siage ‘f‘fﬁﬂmﬂﬁﬂuuﬂmﬁﬁﬁm 2 9879fi8 1) rearrange 2) neck formation
AOUDL Initial stage $AIVOY neck 1251 = 0.4-0.5 Vo e5riIVEY particles SUAY ; a2 Density 9% N
ABUNADY sintering = 25-60% Theoretical density 1714 60-65% Theorctical density

[l v
AW 8.52-b LLOAIDNYMUZVD particles @]E]Uﬁllﬁu HAZATUTUTAUDY initial stage of sintering

Intermediate Stage 14 stage fiaziimsnlanulamaed 931910 ) neck ‘Imi{u, porosity 8AAIWIDY i
USinasnafans waz gaguina19ves particles wABUREMITITU b) Pore AetiipatuThuvesnaraeaGuny
Interconnected pore ; Grain boundary v unSoufil particles 111g etz duGenh grains) 1114 grains 9%
Taitu Tasnisnaumie) grains 10 9 fogaadudrla MlWginsees grains nlaoulFesiunald o Neck 1a
' Bn niou9 M1 porosity afasdn uay Fusunade {shrinkage) Aa 118N

AW 8.6 1ad Model $ransmisilFoulasiifeduly stage il lazn i 8.7 uene microstructure Y84

Alumina gel 112749 intermediate stage of sintering
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L

{a) (b)

isolated pores
() (d)
Fig 8.5 Change occur in 3 stages of sintering (910 Ref 1 #1111 348)
(a) Initial stage of sintering model represented by sphere in tangential contact,
{(b) Near end of initial stage; spheres have begun to coalesce.
(c) Intermediale stage ; grains adopted shape of dodecahedra, cnclosing pore channels at grain edges.

(d) Final stage; pores are tetrahedral inclusions at corners where four dodecahedra meet.

KEY

----- Grain bounda_ry

__, Grain
W Porosity
{a) (b} (c)

Fig 8.6 Change that the occur during the second stage of sintering. (a) Neck growth and volume shrinkage
(b) Lengthening of grain boundaries. and (c) continued neck growth and grain boundary lengthening ,volume

shrinkage. and grain growth (970 Ref 3 w1l 522)
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Fig 8.7 Typical intermediate stage structure; alumina gel sintered for 12 h at 1750 °C (370 Ref 27 #1111 391)
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Fig 8.8 Changes that occur during the final stage of sintering. (a) Grain growth with discontinuous pore phase ,

(b) Grain growth with porosity reduction ,and (¢) Grain growth with porosity climination. ( 91 Ref 3 w522 )
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STANDARD ALUMINA

Fig 8.1 Comparison of the microstructure and translucency of relatively pore free AlLO,
(a) Microstructure of pore free AlLO, (b) Microstructure of standard ALO, (c) Translucent ALO, tube

are used in sodiumvapor lamp that provide energy efficient strect light, (310 Ref 3 i 530-31)
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. o ' = . 4 e o ] T e - o .
P8 properties YDIVUITU U microstructure FI3 grain size (@0, ey hisdmi (flaw) TWAMUNY High
; , T . oA < ;
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Mechanism of Sintering

¥
o 9 =

vl lumisde 3 A Ref 3(Richerson); Ref 2 (Kingery) 4a% Ref [ (Barsoum) (Suundng Dimiloufu ugd
swazdoalmileusu na1fefinis a1 step of Transport materials HUUREITLTLALAE Mechanism luditiazia
uYes Richerson undnmswdnndaliidilaiwfedelsfan uaf ldndmemauian 4 Aefuiwazidonly
WYisd0409 Barsoum & Kingery ma‘ﬁmmﬁmﬁ;@‘lﬁ’séamnm‘%’auﬁﬂmfhmnﬁu Richerson k1] Mechanism of

Sintering 0N 4 ¥IAMUAI1T 149 8.3 Al 1) Vapor Phase 2) Solid State 3) Liquid Phase 4) Reactive Liquid Sintering

Table 8.3 Sintering Mcchanisms ( 90 Ref 3 Wi 523 )

Type of Matenal transport

sintering mechanism Driving energy

Vapor-phase Evaporatuon-condensation Differences in vapor pres-
sure

Solid-state Diffusion Differences in free energyv
or chemical potential

Liquid-phase Viscous flow. diffusion Capillary pressure. sur-
face tension

Reactive liquid Viscous flow. solution- Capillary pressure. sur-

precipitation ,face ension

a) Vapor Phase Sintering (fintinoumanmiusinelfuaudyuues particles naodhuToudmnnruuiv
-, o ar - - . c:'q t o .3
v TAvaudindanim 8.10 Driving Force U819 Sintering {1TUIARIINHAA19UDA Vapor pressure I UILIMUNITER
&4 = a = o = 3/
FIVTHANITWATIDIATAATIMUINTHHU
'b) Solid State Sintering (fin9AN15 diffusion ¥BIRUMATBYAWAMAZIUAWDY Particle FauansTavgl
¥ . 1
8.10 Driving force 494 mechanism U AONaA 195N free energy W30 chemical potential vaaeumﬂﬁagw Frec
surface ﬁ'uuaaaumﬂﬁagiﬁ contact surface
S : A a d ] ' 1 5 ;
¢) Liquid Phasc Sintering 79 Sintering Mfian1ans Mpvsseumadiogiudniv ligind Inauuy Viscous
flow W3 BUAVNTIAA diffusion A0 i Driving force dhu Capillary pressure 4a% Surface tension
d) Reactive Liquid Sintering o Sintering uneludnus Liguid phase sintering ww'lions nanfaila
aan o m o 4 - - = 4 A et o - =t
ﬂgns-mmmum"lﬁaﬂizﬂwm liquid phase ﬂﬁ@ﬂﬂﬂuﬂ"lﬁii]ﬂllﬂ PENADITWATLIDIABANMYHUL, MTIADDUN
¥
ﬂjmaqmﬂ'lu Smtering ¥IALAAIN Viscous flow, Solution preeipitation @34 Driving force IMUBUNUNY Liquid

phase sintering
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ADJACENT PARTICLES
IN CONTACT

N

NECK FORMATION
BY VAPOR PHASE
MATERIAL TRANSPORT

COMPLETION OF VAPCR

PHASE TRANSPORT: PARTICLES
BONDED, PORE SHAPE CHANGED,
NOQ SHRINKAGE

Fig 8.9 Schematic of vapor-phase material transport ( 970 Ref 3 w1524 )

ADJACENT PARTICLES
IN CONTACT

————

t
NECK FORMATION
BY DIFFUSION

[ i
DISTANCE BETWEEN PARTICLES
CENTERS DECREASED, PARTICLES
BONDED, PORE SIZE DECREASED
. | 1

Fig 8.10 Schematic of salid state matcrial transpart {311 Ref 3 M1 526)
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Vapor Phase Sintering
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Fig 8.11 Initial stages of sintering by evaporation-condensation (901 Ref 2 M 47 1
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P Py Py

Fig 8.12 Effect of surface curvature on equilibrium pressure. At this scale it is easy to appreciate why P <P, < P,

(317 Ref | YY1 342)
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L;‘fjka P, = Partial pressure ﬂlﬂ&ﬁﬁﬁngl’lmm}ﬂﬂq

P, = Partial pressure Y8913 UTIMAT I

M = Molecular weight ; Y = Solid-Vapor surface encrgy
1

d = density X = E YD neck radius (§171N)

R = gas constant T = Temperature

p = radius 484 curve ¥l neck (AN W) vualfiaudyy radius iWhuvan | audidh radius dhe oy

c-'lsil = Y P] e,
NIEN x>> P uay PP, UAniey In—=—
0 PG
Wouauns (10.14) maldn

7MP0 ' dew SY woAd
= T = FAR U4 vapor pressure 1 LAaauHN AuRWuT 1
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- 9 1 1 I
Langmuir ¥aums luiaaun1saen rate of condensation (m) 144
[ )J
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27RT
e o = accommodation coefficient ¥A1 = 1

= = ad 45 =
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Fig 8.13 (a) Linear and (b) log-log plots of neck growth between spherical particles of NaC) at 725 "
(970 Ref 2 M111472)
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Fig 8.14 Photomicrographs of sintering sodium chloride at 750 °c: (a) 1 min; (b) 90 min ( 970 Ref 2 i 473)
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- R | & o y St 5 @
713109 vapor phase sintering YUHT1A 191928849 heat mﬂm:munmmﬂu‘laluu vapor pressure 10° 03 10"
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Table 8.4 FEffect of Particle Size or Surface Curvature on the Pressure Difference

and Relative Vapor Pressure Across a Curved Surtace( 911t Rel' 3 i1 525 )

Relative
Susfage Pressure difference VIR
diameter pressure
Mater:al (tm) MPa psi " (PIP)
Liquid water 0.1 28 418 1.02
at 25°C 1.0 0.28 41.8 1.002
10.0 0.03 4.2 1.0002
Liguid cobalt 0.1 67.3 9750 1.02
at 1450°C 1.0 6.7 975 1.002
10.0 0.67 975 1.0002
Silica glass 0.1 12.1 1750 1.02
at 1700°C 1.0 L 175 1.002
10.0 0.12 17.5 1.0002
Solid AlLO. 0.1 36.2 5250 1.02
1.0 3.6 325 1.002
10.0 0.36 523 1.0002
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L‘mmuua:qﬂmqu ﬁj‘r!ﬂﬂﬂ YW9E parameters uaﬂi]"lﬂulfﬂuﬂ?ﬂﬂ_llhlﬁﬁﬂﬂ

Solid State Sintering

Kingery (Rel 2) 11114013 transport 48$02ABUINE ALY Y04 particles 11l neck (1 6 paths Hauanalu
=5 a ' s
ATTNH 8.5 LALN N B.15 uazswaziduade lalil
g "
Path 1 11 Surface diffusion Tavagaanz diffuse 930 source 98¢ surface 1153 neck
Path 2 11111 Lattice diffusion ¥38 Volume diffusion Tntazaay diffuse 110 lattice ¥4 surface 11#3 neck
& P
Path 3 Lﬂ‘u Vapor transportation ‘F402@MDUILITLUNY (evaporate) 10 surface u&14/ condense i neck
- K o a3y L s e, 2 , 4
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<
Path 5 11]u Lattice 138 Volume diffusion 1at92@812¢ diffuse 310 lattice Tu grain boundary 163 neck
Path 6 1111 Lattice diffusion W38 Viscous or Creep flow ﬂlaaamam‘mu?nmﬁ'tﬂu line defeet W30 dislocation

1384 neck

Table 8.5 Alternative Paths for Matter Transport During the Initial Stages of sintering ( 910 Ref 2 n1l1 474 ¥

Mechanism
Number Transport Path Source of Matter Sink of Matter
1 Surface diffusion Surface Neck
2 Lattice diffusion Surface Neck
3 Vapor transport Surface Neck
4 Boundary diffusion Grain boundary Neck
5 Lattice diffusion Grain boundary Neck
6 Lattice diffusion Dislocations Neck

Fig 8.15 Alternate paths for matter transport during the initial stages of sintering (210 Ref 2 WY1 475 )
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2. Surface diffusion 1Jun1s Transport 1AUN1Y diffuse 98399£ABUIN source N surface AT path #2 Tuam
3. Lattice Y38 Volume 130 Bulk diffusion 114n13 Transport 1ABN3 diffuse ¥8985A83191N source 7 lattice
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#4 Tumw
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Note shrinkage

(€)

Fig 8.16 Basic atomic mechanisms that ean lead to (2).Coarsening and change in the pore shape and

( b) densification (c) Thought experiment illustrating how removal of material from the area between particles

into the pore leads to shrinkage and densification ( 911 Ref | ‘P!ﬁ"! 344 )
Driving force 484 Transportation Y10 paths dhadufonaA193E A free energy W30 chemical potential Vo4
D2ABUN neck NUBEABUT source
' ey . ar ' = - ey <4 < . 5
AU INNYUBINTTLAA diffusion mﬁaummummmmﬂmamﬂﬂﬂgﬂ‘:mmﬁﬂmuﬂimn Activation energy
40IMS diffusion VIANTTANEINIT activation encrgy U03N17 diffusion 9N source Sﬁl.N‘} 1?8)&%1ﬂﬁ?)fﬂ:{ﬂ1ﬂﬂ WINEA
¥
RWAINUALU
Surface diffusion < Grain boundary diffusion < Lattice diffusion
as n.: el - J 1 a o 5 . . oY j A s
Aaiu Surface diffusion 39A2910A YuneuiniNTuia Grain boundary diffusion L& 1A Lattice diffusion a1
o o o o a0 1 =t o i
au aduldgnmuasemadssdavesevaeuiidiaieg Tulasead s n1wh 6.1 32091 v2ABLR Surface NoA
¥ - v * ' *
inzdooga miznziiunsidusgvgaainus ameuda diffuse T neck Tedwiiga luvasfiozasuil Normal
5 -2 Y < 4 4 d A e & Ao = ¥ A e yw o
Lattice PNUANIZA YL QﬂﬂLﬁHU’J'ﬂLL‘UﬂlL?iﬂqﬂﬁﬂuuﬂWi'{muﬁzﬂf}ﬂ'iﬂﬂlﬁﬂﬂﬂmlguﬁl diffuse ﬂ:llﬂﬂllﬂfﬂﬂ‘ﬂi’!ﬂ
e . T _ b, 28 % i . A i e o o
Uﬁﬂil'}ﬂuug'] Dislocation AlIlUFDIMIIBNFBINIINIINUIILNANT diffuse Hammaainnnlumnmmﬁu

defect zADNIARUBINIHAIY



CHAPTER 8: Sintering & Grain Growth 192

PINAFAN NI N3 diffuse VBIOTABUIIN surface 111g neck T T&BxavI I IRANT shrinkage (@i
vapor phase sintering (#1013 diffuse ¥930ABUIIN Grain boundary LA Bulk vz i gaguina1sun grains 4817
Indfunndudanm 8.16c

ypizfinznpuA1RY diffuse 90 Grain boundary ¥3® Bulk Y907 neck 1iu Vacancy A8 diffuse 890710 neck
1)@ Grain boundary B9 diffuse Aol wifsivesiua asezaeud ditfuse (€17 neck 2zviay
151wy vacancy # diffuse ®onl1la7n neck

F1ANNTORTUINN ratio TEMIIN neck radius @0 initial radius (x/r) Tao1dwdnadang fuildlu vapor phase
sintering 8619 l3finmuiioanniu solid state sintering HMIMAFIVBITLELTININ grains Fnviadl path 15 transport
MU paths vl inmad nusudoudi ﬁu'fuaunm?'i"lﬁmﬂﬂ1mﬁTu‘Jmﬂumﬁﬂ"ﬁ’ﬁ”mwiazﬂumvnzumﬂﬁhoﬁu
Thaluunswezidon wandnlngiwanidoutu diauledmswaz@ealdain Ref 2 (Kingery) uag Ref |
(Barsoumn) lufifisond ot enisfnanng path 1l e i

soluiifusaedumsfnnn Solid state sintering A58 Transportation vaezasudIuIngidu transport

Taw lattice diffusion 11l source DxABNTBYUTIIN Grain boundary (path 7 5 Tunm 8.15)

Lo

NNMMA 815 X An U0 neck; P Ao rllanu idsvealfuaudyuiivenves neek; r Avdnive

¥ "
o el

» q' 3 o o Af -5 e - - [ w s 9 9 =4
Particle SuAu TavowentsAannamunuazliuas lufusnada emzdnounidmivedduaudid, wud
tax5u1mTved neck Tuglnrududuiiy X uas rawdsaunisdalufl
x? 4 e x’ v ax’

4r’ 20w | 4r
4 = a = 3 = 1 s T — . o “y’ P
waannfSinasezaeud diffuse 1491109 neck YT LIRS vacaney A diffuse oon 1110 neck Fartunmus

2RI rate MIPABUT D 102A01 1UT neck 13192915847 rate 1AADUAVDA vacancy 880910 neck
¥ concentration 199 vacancy ‘ﬁiﬁ’ﬂﬂ q =i W concentration 184 vacancy u?nmﬁi"m(plane surface) = C
IR HARIIUDI concentration VDY vacancy symifiseduiisiula 9 = Ac Twieufoaduiy (10.15) 151071902
wnsen Ac e
ya'Cy

AC
¢ kTp

(1021

Lﬂla Y = surface encrgy
a’ = volume ¥4 vacancy ﬁﬁ?ﬁa diffuse
k = Boltzman constant
T =Temp
Flux %84 vacancy 11 diffuse 990 1970 neck Ao i Ao niwidusoras mldnn
J=4D AC (10.22)
D, fi0 diffusion cocfiicient U0 vacancy M1rmuald D* As Self diffusion coefficient D, = D%y g
734 (10.21), (10.22) iWoui (10.17) 3189

1
ipp*)s 21
S E—O—L’:TL ¥ e (10.23)

t=time

] . v 1] ﬂl"
wtuzi diffuse particles sztnfsuiidmiu dawudas d(x® / 2r) / dt unudsilaslu (10.23) 14



CHAPTER 8: Sinfering & Grain Growth 193

2
AV 3AL 3[ 205’ D *} iR
— = Y - | (10.24
v L 2kT :
AL I
L_ = linear shrinkage (= 1l3z0100771 M7 9 A sintering rate) 7
0

¥ 9 < AL = LI i . . . :
VNV NAUITIHUN Tuﬂsmn time #NA1AY 0.4 UAU derive AT shrinkage Tu solid state sintering Tu
0

L4
fuesiianuawau Tdgasadroniu gasluaums (1024) unnsafiuthlusazides 1wy wasnidwes « Tu

A | P & a o w 2 P
aunts auBueglug 03-0.5 i indifeafuaunis (10.24) ¥4 AL s fide 04
L,

/5
I

MINAuNTS (10.23) o (10.24) 730 188a31m3 Tauae bond 130 neck growth "J wsan time
r

2/5

8@31M5 shrink ¥3@ densification uTaw time  Midanaradniulafunanisneassfinaasiutagess dumag

; 4 b DN e e 2
Tunwdi 817 Fudunim plot T¥MIN ——- A0 time MAATITUAWDZ MNA log TAsMWIZT 180T MANG log 92
kil

o ' v 4 s
WU slope (vAL 0.4 Indifoedy aums (10.24)

A1,O;, 1300°C

|
0 100

b, N i e ™
200 300 400
Time (min)

(o)

700

0.05 = NaF, 726

Al,Q,, 1300°C

0.002 ' '
1 10 100

Time (min)

(d)

1000

" L
Fig 8.17 (a) Linear and (b) log-log plots of shrinkage of NaF and Al,O, versus time (110 Ref 2 ¥11477)



CHAPTER 8: Sintering & Grain Growth 194
g v, . W@ 3 5 ' a i =
1INAUNTS 10.24 920FUN sintening rate 1USHARUAY particle size UM () NE1IABEA particle size 15350
o a o
101 sintering rate 84437

X . @35 A o & X
N 818 tame — @ad 1 ¥ed ALO, W sinter 94 temp 1600 “CUIM 100 F2 104 UAU Y uar@s — dauunu
r

"
X uaes roundids EJ wingam i wgavewny X fednd vuwmoyniniEudu (initial particle radius)
5

. < [} ol T r: - o o = 4
Ing) vafidmanvewnu X Aodufl initial particle radius 1An N5 Maziiudl msl¥eymaTudunivig
' 3 X 9 ' T = & - w
Tnad 9218 — Yeendme 1 eynaiEudiudn visq 7 sinter iuinat 100 ¥2Tug i
r

& 13 y = = g . S 9 et =3
AIUUNINABINIT sintering 527319 particles LIUAUNUIUIURNS

o i | T w
041 =
L o ]
0.3~ ) =
F y & .
'. a2
02} . -
- -
Gl -
L
*
— ﬁ.
{ | | i
0 0.05 0.10 0.15 0.20 0.25
2 . SIS,
r " {micron =)

Fig 8.18 Effect of particle size on the contact arca growth in ALO, heated 100 hr at 1600 ’C. (910 Ref 2 W111478)

% = @ 1 . . )
UBAVINUDINAITANHTUINUIT Sintering rate (Al
I

1]

' . P = LS . .
AD log time NIRUNHUA TN vinauaI iy Sintering rate uilsa

) ulsamgungledannday AwmA 819 uaasnITy

[ < 1 .
AUAUTIENIE AL @8 time 11az log AL
™ ]

oy

e i o o x ' n , < & . -
gamglediann nwi 8.19a S lfuansliifiudneudaasny rate 999 sintering 1iinANat T a5 2 ndiionan

i 4 e = 1 =4 1 as " i ' A
s alszosnila sintering rate 92aAROHITIAGIY BRI HdI9IA Sintering TiiFa9528zamiTe Mmsvenanm
MFHIETNAAD Sintering Haginn

{a)
{b}
Ta T3
T

2 _li-?
a6 ¥ Ty
Qld (o]

" o T3
wi el
g T] iy / TZ
- : / Ty
£ b
e 2
& =
&
TIME 1t o6
t
T4>Ta>To5T,

Fig 8.19 Typical sintering rate curves showing the effects of temperature and time (310 Ref 3 Hfﬁ 527)



CHAPTER 8: Sintering & Grain Growth 195

=1

wia It 181 initial particle radius “ 1 inanems sintering 1HH91A 2 ﬁie'lﬂ?;ﬂzlﬂuﬁmdwmsﬁm:m
goea Tums sinter 0171052000 A 1 density 1itu91n 60% 1111 70% Theretical density WUIM11% particles
Guduiinoaidusiaudngg 01 pm wdealdinarluns siner = 02 $alus (12 wiF) v SuRounld
particle FuduiTiduriguénmsnig 10 pm.uazl¥qamgilums sintering AnIzdBa 1A UNT sintering
wimla 3218 product i density = 70% theoretical density (¥U3# 11 mechanism Y84MS sintering (i Solid-state

sintering LA path M3 transport (1114 lattice diffusion A7 grain boundary A path 7 5 Tun il 8.15)

1
- x 4Oya'3D*]5 =1
¥ 210 (10.23) (J—[ o rot
(XY kT ),
| = ';: m ‘NN 1 [ ————— (A)

apunsnld Particle 0.1 pm. Tiaai 12 1 (0.2 F2Twe) nnusasluaums (A)

02 (xﬂ 4 )(005 1074
L = e A X
r/ \40ya’ D* '

(_’E)s[ kT ]_ 02 o
r 40ya3D* —(0.05x10‘5)3 """"""" (B)

; . 2 24 o A1 2 e [2] 4
039 landuenii@eans Sintering WMaaeinsal density iy [—“j f5INAY = [—] AN
r r

. . o 3 #
#AZIT899A sinter NomunimuAudniu k, ¥, @’ , D* 4933 sintering 13 2 o uvindy

UNUAT 213 (B) TUaNT (A) MAgUNUA T (¥ r TUMS sintering A347 2 Aie + = 5x107° agldh

t e (5x107)°

o e ;
(0.05%x10°°)°

, 02x5°

Tfufe daeldam t= (-0—0)(57 =2x10° %

o v o g 9 L= o o det S oy
Q'lﬂ@\”.]ﬂﬁﬂlﬂﬂ"liﬂ']u?m‘lﬂﬁ@'lu@mﬂu’l'lﬂ]51T7ﬂﬂﬂ'u11u rlauau

aQ

Tanudy 100 wwevih lidaaldalunis
. . N, 6 ' n’. e a = ) - ) " 1
sintering WA UANAY 107 w1 s gnstiudeld ¢ Suduladul)bidusee Weamaligudlne Aldannsa
sintering 19 161 density galdtuaadun

findasemmuasiltuaNnsTIMsy Solid state sintering YIAAYINATS transport ¥DIVZABY path BU U

- < o P CPE -
Ao uRuIMAY path 1 5 Tumw 8.15 Tudiediadhedi Barsoum 72T 0seBA 1 [*‘j Y84YN paths AR
E

1) Evaporation-Condensation (path #1 Tunw 8.16a)
i [ 2
X 6a}/SVQMXPﬂm T 13 »%
=] = > | (Uuhe —at&r ?)
r L,/2zzmm,kT{kT]r r
2) Lattice diffusion of atom from grain boundary (path #5 1101% 8.16b)
) 2 i 3
(x) 04 D0 ¥ 508 Y asx g X

= afufte — a1 &r 1)
r) kDY y

3) Grain boundary diffusion of atom {rom grain boundary (path #4 TUnIW 8.16b)



CHAPTER 8: Sintering & Grain Growth 196

X x 192 é'gh ng IV.\'I'QIA/I.\‘ & = S
—] = w— / (Wune —@t®&r 3)
r kTr ¥
3
[ AL_) B 35gh D o 5y
L, kTt
4) Surface diffusion of atom from surface area near the neck (path #2 Tunmn 8.16a)
5
X 2250, Dy o, Q2 i o X 1 2
(ﬁ) = S S MU ¢ (lufie —at &r %)
r kTF r

(Qygx = volume of formula ; P = vapor pressure ; D = diffusion coeff ; 8, = grain boundary width 1y Y = surface
energy)
- ) 9 o 1 - g = = 23 4 g, J a/ ai o 1 [ -~

VINNATTIWTAIVZIH UV TUNE LA 'ﬂ'ilﬂﬂlﬂ'iilﬂﬂ solid state sintering yufivile i]ti'r‘fiﬂﬂ'ﬁ]g 29879 AD

1. Initial particle radius "' v " M70 YUIANEN Particle (Fusy 2.9ampid uaziled usodng 1 0611 Ao time 0613157
eI L= ool J = » . n Qs 4? ar o 5 o A oy ] 1
a1 TumedfidSinanafia solid state sintering Setufiuilasad o 9 Sovawediusy
- . . a oA 1a - Vet = 9 . E7) -

1.Green density U4 green density g4 particles ITUAUBIBETAMUNIN M11HH pore Hidaeldoan liiauas faiy
L 3 w4
U sintermg ‘1%318'\!‘11

' b .

2.Uniformity of green microstructure f18N15% microstructure ¥BIFUITURBY sinter I WHT HANBIVI 9 fin

. A ] ¥
aasanaFuaw hiflgesemadignain (Trap) agluduam ; Liifins Agglomerate ( Ao particles imz@afuiiu

o 3 st o : ' = . 3 ! - .

aszan q nietlunden ) , Lifimsuondis (Segregation) ITUUNDTIIEI particle size T1a) 1191500 particle size
o & o e & ad A
an (Fadmiean usuanfAvugiiun slip casting)

Uniformity ﬁmmt’hﬁqﬁia 177 Sintering windduan grecn 14} uniform Ay sintering 16 microstructure 4 i
i umueIy

3.Particle shape UHBAD solid state sintering fio 11 Particle shape Linay UANALILINA w%’mﬂuuﬁwnq

A - - w - oW . 1 "ﬂ o @ 4 d s 4 = et
Tﬂﬂ'lf'(ﬂ particles EINAANY HMTONBINIHNUDOY LU uizmﬂunnzmﬂﬂazﬂ 820 °1i~1f]‘i)$ﬁ<1Nﬁ1?‘lLﬂﬂ pore WA

walnajuazglsielinivey viaeenhildnn

Fig 8.20 uanimsnanwiueo liiiussidiauves particles # T sphere shape)

¥
4. Particle size and Particle size distribution $0fi0zilnade packing density Aa1Ae Suilu Particle size 1#io7
Tasmwiznaniii size N 1ana1 500 A” 923 pore Tt green body 170 (Particle N4 114 green body U84 ceramic @3
1 £ = 1 o o av,- = gy N . r
Tnaflvnadiu gm (1 gm = 10000 4°) F1land1 500 A° w0 @i lunadfiiaans 19 partictes T range A199
P g . ) & 2o a9y | . Ve N w
wae via 10V 19 Packing density 93U 1aeni A sintering 193 density Tagenn
& o T a g = < © 3 =
Bils particle size tin At hildvmetadnawdinll mswdudmiulifozi @1 cecrostatiof e dn)
o 5 @ @ A A @ = = (=] = | a qy -~ -
Wil particles tn1zfuidhudou (fn agglomerate) Faiiwar1 19 sintering 18 1A swaz@vaioaduiiag 185 ouludan

Powder technology



CHAPTER 8: Sintering & Grain Growth 197
5.Atmosphere effect feussoinvearoaun: Indlunis sintering UnfAud7 effect wae atmosphere Tiiveu
. . = I \ 4 ) - =
N9 sintering 1WA atmosphere 81292 AKAFEYIVIAA point defect LA IETNATINNUNT diffusion UAL

1y‘ . ulydé' . - ; 1 - A oaly, . 3 w ¥ )
W sintering W3 IV UANTT sintering U atmosphere UINYURA ARALIZNT LN sintering 18181 Asuansdaonin 8.2

]
=1

ab,c NN a) UAAL microstructure ¥89 Fe,0; N sinter Tu air atmosphere MW b) (%4 microstructure Y84 Fe.O, 7

. = 9 .d ' z ) = ) 3 4
sinter 11 HCl atmosphere N3 TH oaAa1AR1U31n15 sinter 11 air 983 percent shrinkage 1001 ¥4e TN sinter 11t
. ; - S . o I v oA 3 ' -
HC! atomosphere ¥ shrinkage 1108 32131 §9udiu sinter 1w HC1 3218 grains Twaind udvzd density A1ndn s s
pore 21N B1INT 13 IATINTS sintering WWUTTOIMIANI HCLIARA coarsening H7UNT sintering 14 air dasiuvs 18 grain

o 1 ' : § v ) . . . oA
WVHIRANNT LA density NI w5123l pore vsund de idns sintering 14 air (Ra densification

= Temperature = 1000 °C ‘g‘
:‘ S
4_!3 20} Air §-
<y :g;—_:g:g::@f—ﬁ 10 HCL oo §
] &7 it
=2 e 80 3
= i §
i

=)

7 mh" D e ——— 10-2HCI W =
e o i =]
Q : 60

5 -
Rl - 50

. 10~
o 10-1 HCl

3 10 30 100 300
Time (min)

(c)

Fig 8.21 (a) Microstructure of air-sintered Fe;0, (b).Microstructure of Fe, 0, sintered in HCI
containing atmospheres. Note that in the latter case, significant coarsening of the microstructure occurred.

(c).Effect of atmosphere on relative density versus time for Fe,O, sintered at 1000 °C. (3N Ref 1 M1 340)

AW 8.22 UAAI model MISLAA densification ItAY coarsening

) i ) P : s v, T 4 4 a9
6) Impurity UNUMY8Y impurity N3 e liannsoddaadly) @ impurity W19 sintering 15 2@unTan

4
as udnneagi 1o Jegiuiinsidy impurity TilduaSumdenisens sintering Al



CHAPTER 8: Sintering & Grain Growth 198

SO0
OO®
OB O
®6®
OO
OO D
OO
e O
oo
OO
OO0
©ee

(a) (b)
Fig 8.22 Schematic of (wo possible paths by with a collection of particles can lower its energy.
{a) Denstfication followed by grain growth. In this case, shrinkage of the compact has to occur.

(b) Coarscning where the large grains grow at the expense of the smaller ones. ( 910 Ref | WY1 334 )

= ; . k . . = . - ' o = — =
6.1)1%&1}11 “Sintering Aid” filo impurity $¥UAE form i Liguid phase i lviia Liquid phase sintcring

W
o w4

o i 3 = = o ar . 1 =
Vi1IA sintering TAdwAn (vzndafieBniwazBoadnaianileluiade liquid phase sintering) gl impurity 1iia
o @ = vt et s . 7 & g 4 . =
o199y s wAvansnansi fiAe phase 1afill melting point a9 Fei I Fuaunu I 1ddeoass o199z liidud
foansild dnfudesszTilunisdond impurity Mz eamndhu sintering aid
6.2) 18 “Suppress Coarsching” A8 imputity U wHagianas lilifoUswnifia coarsening 191 Msidy
" . & ar = oo - " ~ & » b
Boron a2 Carbon a4lluns Sinter SiC Tay Carbon 3z hliufin Si0, il impurity fivudloulu SiC ieuen
impurity $i0, 88190 SiC @2u Boron 12 11l andasnizssimeues SiC 11 Vapor phase sintering 1ia ld¥1a w1l¥
e -~ o3 e 3 o 3 X 5l i - . £ Pa . . =
peaautiagaaudug v diffuse |9t Idannvu i liine densification T8Te liifaud coarsening Be181ENY
' ¥ ) " b
f13U5ENoUNIN Covalent bond solid 1 SiC, Si)N, lﬂl&“ﬂ’mﬂu Vapor pressure @3 ﬁ’qﬁumﬂgﬂ heat ¥
QﬂmqﬁLﬁUﬂwegdlﬁﬂ Vapor phase sintering 1102 Solid state sintering path Wil0LABUIIN surface diffuse 11 neck 18
¥ » [ ' ’ [ i
10 Aaiunwaniiall shrinkage Titinon sintering 71 Taun 18 luns sinter asdlssneuwaniiaimdu B adliliie
1 ’ Ay ) ' =4 1 i -
N3 Vapar Phase & Solid statc sintering 910 path 131 1ud? 011043 B nazllamwise sinter ¥ueiu 1y dense 1dian
P RER AT coarsening W0
3 k4 v
WA 8.23 LEraFuaIu SiC #i sintering laun151@n B uaz € agll
6.3) IW® “Suppressing grain growth” AawAk impurity a3 TN 2M31fe grain growth fafondetie nadl
W
ALO, luneuduvatunil navife windasuld sintering 8 wAlnA rate ¥paN15IAA sintering 15 ufu i1 air
2 . "o - A . o i, 2 A . : A A "
%30 void 990 11 luviu mBefAalu microstruciure 153 Tl mumﬂﬁmmu*ﬂn porosity gITUIUIIVVUFT 1L
- [ i e @ . = = . Y A .
Ay MgO ae1y 0.25 Wive 92M124 grain growth ¥119% porosity HnameRiaz diffuse oonlu1dvu i sinter
U299 14 grains Al porosity Yo 1ilu ALO, TS wmeldimasa lndl 14
6.4) 1 “Enhance diffusion rate” ADIAY impurity as e dope WWifedl defect U9ila 193 vacancy defect

4 3 ; : : - a 4 - o &
Tulnsaada @ defect 23l diffusion 189 ions Tulassadrafia 1G4y sintering flazfa 18 28u lild



CHAPTER 8: Sintering & Grain Growth

Fig 8.23 Variety of SiC parts fabricated by Solid-state sintering using

beta-SiC powder with additions of B and C. (210 Ref 3 W 533)
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Wetting Behavior and The Contact Angle
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Fig 8.27 Wetting behavior between a liquid and a solid showing (a) good wetting, (b} poor wetting, (c) complete

wetting, and (d) the balance between the interfacial tensions for a liquid with a contact angle of 0 (31 Ref 27 wih 527)
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Fig 8.28 (a) Equifibrium dihedral angle between grain boundary and solid vapor interfaces.

(b) Equilibrium dihedral angle between grain boundary and liquid phase. (270 Ref 1 w1 333)
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Fig 8.29 Effect of the dihedral angle on the idealized shape (in two dimensions)

of the liquid phase at the corners of three grains (10 Ref 27 111 530)
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Fig 8.30 ldcalized liquid-phasc distribution (in three dimensions)

for seleeted values of the dihedral angle (310 Ref 27 W1 53 1)

Table 8.7 Microstructure features obtained for two phase ceramics produced by liquid phase sintering for various ratios

of the interfacial Energy Yoo /¥, and the corresponding dihedral angle ¥ (91 Ref27 w1 531 )

Vsl Vit df Microstructure

=2 0° All grains separated by liquid phase

\ﬁ~2 0-60° Continuous liquid phase penetrating all three-grain junctions;
partial penetration of the grain boundarics by the liquid

- ‘ﬁ 60-120°  Isolated liquid phase partially penetrating the three-grain junc-
tions

=| =120" Isolated liquid phasc at four-grain junctions
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Fig 8.32 The effect of two extreme values of the contact angle on the capillary force between two spherical separated by
the liquid bridge. (a)Good wetting leading to the compressive capillary force; (b) Poor wetting leading to an equilibrium

scparation of the particles. ( 930 Ref 27 ni1536)
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Fig 8.33 Schematic illustrating the three stages of liquid-phase sintering, with the
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Fig 8.38 (a) Liquid-phase sintering; (b) Solid-state sintering; (c) Reactive liquid sintering (1f§Uﬂ§ﬂﬁ?ﬂ Ref 1 Y111 333)
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Fig 8.39 (a} Grain size versus density trajectories for densification (curve Z) and coarsening (curve X)
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Curve Y shows a powder for which both coarsening and densification are occurring simultancously.

{b) Alternate scheme to represent data in terms of grain and porc size trajectories. (3701 Ref 1 W1 337)

GRAIN GROWTN

¥ »
Grain Growth iilutuseufitiesosinas sintering  Kingery (Ref 2) 1014 Grain Growth 21 is the process by

which the average grain size of strain free or nearly strain free material increase continuously during heat treatment
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without change in the grain-size distribution (Grain Growth B YU IUNTHYIUIAMATVDS grains °lu"§ﬁ$3'¥'1:‘11iﬁ strain
luszvnaldsunawian)

. - Jrom— 3 [ . . a w!' = o
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3) Secondary Recystallization 114#i38n31 Abnormal grain growth
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Fig 8.40 Recrystallization of NaCl deformed at 400 °C(stress = 4000 g/mm”)

and recrystallized at 470 °C (910 Ref 2 w111 450)
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Fig 8.41 Effect of annealing temperature on grain size of CaF, following

compression at 80,000 psi and [0 hrat temperature( 911 Ref2 11451 ).
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Fig 8.43 {(a) Structure of boundary and {b) energy change for atom jump. ( 3711 Ref 2 W11 453)
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Fig 8.44 Polygons Jtmaemasuduuvifilldns maud19q (210 Ref27 wil1 460)

Fig 8.46 (&) Schematic drawing of polycrystalline specimen. The sign of curvature of the boundaries changes as the
number of sides increases from less than six to more six, and the radius of curvature is less, the more the number of sides
differs from six. Arrows indicate the directions in which boundaries migrate. { 910 Ref 2 M111 454 ) (b) Movement of the

grain boundary toward its center of curvature (31 Ref 27 i 448)
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Fig 8.49 Log grain diameter versus log time for grain growth in pure Ol-brass. (390 Ref 2 11 455)
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Fig 8.50 Changing configuration of a boundary while passing an inclusion ( 910 Ref 2 1 457 )
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Fig 8.51 Grain size versus density of the undoped and250 ppm MgO doped alumina

sintered in air at 1600 °C (910 Ref 1 9311 339)
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Fig 8.52 (a-f) Microstructure development for MgQ- doped alumina sintered in air
at 1600°C as a function of time (210 Ref 1 W1l 338 b

£,

Fig 8.53 Intragranular pore (310 Ref 27 111 451)
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Fig 8.54 Intergranular pore (371 Ref 2 N1 460)
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Fig 8.55 () a normal grain size distribution in an ALO, (b) Abnonmal grain growth in ALO
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Fig 8.56 Microstructure showing (a)normal and (b) abnormal grain grawth in T1,SiC (370 Ref 1 1111 368 )
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