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IntroductiontoEngineeringMaterials 
 

MetalandCeramicStructures 
 
 
 

Part2 
 
 
 

Ioniccrystals,silica,silicates,andcarbon 
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IonicCrystals 
 

 
 
 
 
 
 

CationRadius(nm) AnionRadius(nm) 
0.100 0.133 
0.072 0.14 
0.102 0.182 
0.053 0.140 
0.040 0.140 

 
Note:largeranionradius 

Mostionic crystals can be consideredas close-packed 
structureofanionswith cationsin theinterstitial sites. 
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FCC Octahedral site Tetrahedral site 
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HCP Tetrahedral site Octahedralsite 
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Interstitialsitesin FCC 
 

Octahedral (Oh) sites Tetrahedral (Td)sites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1at the center 

Net4Ohsites/unitcell 

12middleofthe 
edge sites (each 
shared by 4 unit 
cells) 

 
 

Net8Tdsites/unitcell 
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Interstitialsitesin HCP 
 

Looking down[0001] of HCPunitcell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3Ohsites on top half of unit cell (by symmetry,3 more on bottom half) 
6Tdsites on top half of unitcell (by symmetry,6 moreon bottom half) 

 

Total6Ohsites 
 

Total12 Tdsites 
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IonicCrystals 
 

Manyceramicstructures(ioniccrystals)canbeconsideredas 
closepackedanionswithcationsintheinterstitialsites. 

RecallFCC crystal… 

Interstitialsites? 

Octahedralsites 
 
 
 
 
 
 
 
 

ROCKSALTSTRUCTURE 
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Shim, Uub Illin

 
 
 
 
 
 
 
 

IonicCrystals 
 

Manyceramicstructures(ioniccrystals)canbeconsideredas 
closepackedanionswithcationsintheinterstitialsites. 

RecallFCCcrystal… 

Interstitialsites? 
 

Tetrahedralsites 
 

Note:only½ofTd 
sitesfilled 

 

 
 
 

ZINCBLENDE 
 
 

 
 

 
 
 
 
 
 
 
 

IonicCrystals 
 

• Chargeneutrality 
e.g.Ca Ca2+F F- 

 
 
 

CaF2 

• AtomicSize(ratioofatomicradii). 
• Stableconfigurationwhenanionssurroundinga 

cationareallincontactwiththecation. 
• Coulombattraction/repulsion(neednetat

traction) 
– Cations wanttomaximize#ofneighboringanions and 

vice versa. 
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ZnS 
(zincblende) 

(sodium
NaCl

 
chloride)

CsCl 
(cesium 
chloride) 

AdaptedfromTable12.2, 

 
 
 
 
 
 
 
 

COORDINATION#ANDIONICRADII 
• Coordination# increases with rcation

ranion 
Howmanyanionscanyouarrangearoundacation? 

 
rcation
ranion 

< .155 
 

.155-.225 
 

.225-.414 
 

.414-.732 
 
 

.732-1.0 

 
 

Coord # 

2 

3 
 

4 
 

6 
 
 

8 

 
Zincblende 
structure 

 

 
 
 

Rocksalt 
structure 

 
 

Cesium 
chloride 
structure 

 
Callister6e. Wheredothese numberscome from?11 

  
 
 
 
 
 
 
 
 

Cation-anionstableconfiguration 
 
 
 
 
 
 
 
 
 

e.g.3-coordinate when cosα= 
 

rArA
+rC 

 

Rewriteas 

rC = 
rA 

 
1 −1 

cosα 
Withα=30oM

inimumratiofor3-coordinate 

rC=0.155 
rA 
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IonicBonds 
Bondingincompoundsinwhichthereisalargedifferencein 
electronegativity.Anelectronis(partially)transferredfromoneatomto 
theother! 

(vacuumlevel) 
 

2s1    ↑ 
 

The bondenergy! 

 

↑↓↑↓ 

↓↑ 

 

 

↓2p5 

 
2s2 

↑ 
↑ ↑ 

↑ ↑ 
↓  ↑  ↓ 

1s2 ↑↓ 
 
 
 

Li 

 
 
 
 

↓↑ 
 1s2

F 

Thisleavesa“+”chargeontheelectron 
donoranda“-”chargeontheacceptor. 
Bondingisthenbyelectrostatic 
attraction. 

 
C 
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IdealIonicSolid 
CoulombEnergybetween2point 
chargesdistancerapart: 

 
 

3r 6r E  =Z1Z2e 
r 

2r 5r 
 
 

CGS 
4πε0r 

SI 
 

2r 
2 2 2 2 2 2 

E=−6e  
r +12e  

2r −8e  
3r +6e   − 

2r 
24e  

5r +24e   … 
6r 

  2  �      � 2  

=−e 
r 

�6−12 + 
� 2 

8 −6 
3 2 

+...�= 
� 

−Me 
r 

MadelungConstant 
(dependsoncrystalstructurebutnotonatomiccomposition) 
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IonicSolids 
 
 

• Onlyattractiveterm:crystalwillcollapseonitself.Realionsarenot 
pointcharges! 

E= −Me+B e 
r rn

 

 
Repulsion dueto overlappingouterelectron 
density ofadjacentions etc..(B isa constant) 

• Atequilibriumdistancero,energyis at minimum: 
�dE� e2 nBe2

 E repulsion 
� 
�dr 

� = − 
� r=r

 2
 

n+1     =0 
o 

B=Mr n−1 

n o 
Me2 � 1� E Me2� 1� 

=− 1− 
attraction 

r 

Er=r   =−
r 

�1− � 
n 

r=ro � � o 

4πεr n 
o� 

• Ingeneral 

� 
MNZZe2� 

0o� 
1� 

� 
MNZZe2  � 1� 

(molarlatticeenergy): U=− 0   1  2 �1−� U=− 0   1   2 �1−� 
ro � n� 4πε0ro � n� 
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ExampleProblem:IonicSolids 
 

BothNaClandMgOhaverocksaltstructure(M=1.748) Given: 
 

  ro n Z 
NaCl 0.282 nm 9.1 1 
MgO 0.210 nm 5.4 2 

 

Calculatelatticeenergies. 
 

Note: 
1. Shorterbonddistance(i.e.smallerro)correspondstolarger 
latticeenergies(i.e. U∝1). 

ro 
 

2. MeltingpointofNaClis801oCwhereasMgOhasmeltingpointof 
2800oC.Thisdifferencecanbeattributedtothelatticeenergy difference. 

16 
  



9

 

 

 
 
 
 
 
 

17 

 
 
 
 
 
 
 
 

AXtypecrystals 
 

 
NaCl:cationradius=0.102nm 

anionradius=0.181nm 
RATIO=0.564 

 

Whatcoordinationnumberdoweexpect? 

Chargeneutrality(1:1cationtoanionratio) 

Whatistheresultingcrystalstructure? 
 
 
 
 

ROCK SALT STRUCTURE 
 
 

(othersolidswithrocksaltstructure:MgO,MnS,LiF,
FeO…) 

 

 
 
 

 
 
 
 
 
 
 
 
 

AXtypecrystals 
 

ZnS:cationradius=0.074nm 
anionradius=0.184nm 
RATIO=0.402 Expectcoordination#= 4 

 
 
 
 
 
 
 
 

Zincblende structure 
 
 
 

(othersolidswithzincblendestructure: 
ZnTe,CdS,SiC…) 
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AXtypecrystals 
 

CsCl:cationradius=0.170nm 
anionradius=0.181nm 
RATIO=0.939 Expectcoordination#=8 

 
 
 
 

CsCl structure 
 
 

SimilartoconsideringNaClasFCCof Cl-
withNa+inOctahedralsites,CsCl 
canbeconsideredassimplecubic 
latticeofCl-withCs+inallinterstitial sites… 

 

Note:thisissimilarbutisnotBCC. 
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AmXptype (m and/orp ≠1) 
 

CaF2 

 
(Fluorite) 

rcation
ranion =0.100 ≈0.8 

0.133 

 
Coord.#=8 

CsClstructurefor8-coordinatesystem…butthatleadsto1:1cation:anion. 
 

Here,therearetwiceasmanyanionsascations. 
Coordination#foranionsis4! 

Whatshouldthestructurelooklike? 
 
 
 

Onecationineveryothersimple 
cubic“unitcell”ofanions. 

 
 

Othercrystalswithfluorite 
structure:UO2,ThO2… 
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AmBnXpType 
 

1. ABX3 Type (e.g.BariumtitanateBaTiO3)Perovskitestructure 
 
 

1Ti4+atthecenter 
8Ba2+atthecorners(effectively1/unitcell) 
6O2-atomson thefaces(effectively3/unitcell) 

 

 
 
 
 

2. AB2X4 Type(e.g.MagnesiumAluminate orspinelMgAl2O4)Spinel 
structure 
• FCCof O2- 

• Mg2+in tetrahedralsites(1/8filled) 
• Al3+in octahedralsites(halffilled) 
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Example 
 
 

CorundumstructureofAl2O3consistsofO2-ionsin HCP 
arrangementwithAl3+ionsoccupyingoctahedralsites. 

1. Whatfractionofoctahedralsitesarefilled? 
2. Sketch2 O2-planeswithAl3+ions. 
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CrystalDensity 
 

SimpleAB structures: 

ρ= nCAC +nAAA 

NoV 
 
 
 

Ingeneral: 

 

 
nC=numberofcationsin unitcell 
AC=atomicweightof cation 
nA=numberofanionsinunit cell 
AA=atomicweightofanion 
V=volumeofunitcell 
No=Avogadro’snumber 

∑ j
njAj 

ρ= 

 
 
 

Example:CalculatedensityofNaCl. 

NoV 
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Silica& Silicates 
PrimarilycomposedofSi andO 

 
 R 4+ 0.040nm 

Si      = =0.286 

 
Coordination#=4 

Radiiratio: R 2− 0.140nm (tetrahedral) 

Chargeneutrality:Si4+:O2-=1:2 SiO2 
 

However: 
%ioniccharacter=51% 
(relativelysmallioniccharacter 
significantcovalentcharacterexists) 
Whatstructure(s)doweexpect? 
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CrystallineSilica 
 

Crystallinesilica 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EachO atom is shared by two tetrahedral units 
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Crystalline&non-crstallinesilica 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note,relativelyopenstructurebutlargebondstrength 
(e.g.quartz:density=2.65g/cm3,mp=1710oC) Non-
crystallineform:fusedsilicaorvitreoussilica 
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Silicateglasses 
 

Amorphoussilicaformsa“network”withrelativelylargeopenareas 
whereforeignatomsandparticlesmaybeeasilyintroduced. 

 
Silicates:amorphoussilicawithimpurities 

 
 
 
 
 
 
 

Sodium-silicateglass 
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Silicateglasses 
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Carbon 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Allotropes:differentstructuresforonesubstance(usuallyinelementalsolids) 
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Diamond 
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Recall hybridization: 
 

AtomicOrbitals 
 

ans-orbital 
z 

 

 
thethreeporbitals 

px py pz 

 
y 

x 

Hybridization 
 

1x s+1 xp=sp-orbitals 

 
 
 
 
 

1xs +2x p = sp2-orbitals 1xs+3x p=sp3-orbitals 
z z z 

 

60° 
y y 

x x 60° y 
x 

 

Hybridizationfor graphitic carbon 
 

Hybridizationfor Diamond 

Whatare the hybridizationsfor graphite anddiamond? 
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Graphite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graphene:singleatomic 
sheetofgraphiticcarbon 
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Fullerenes&Nanotubes 
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CarbonNanotubes 
 
 
 
 
 
 
 
 

≡ 
 

Carbonnanotube=“rolledup”graphene 
 

graphene  
Single-WalledCarbonnanotube 
~<0.7-5 nm diameter 

 
Multi-WalledCarbonnanotube 
>2 nmdiameter(canbe 

 

 
 

largerthan 100nm)  
34 
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(12(12 ,8),8) 

SWSWNTNT 

CHIRACHIRAL

(10,(10, 0)0) 

SWSWNTNT 

ZIGZAZIGZAGG 

SeSemicmiconduconductingting

 
 
 
 
 
 
 
 

CarbonNanotubes 
 
 
 
 

First“observed”(correctly 
described)byIijimain 
sootresultingfromarc 
dischargeofgraphite: 
Nature354,56(1991) 
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Carbonnanotubes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

graphene 
(10,10) SWNT 

ARMCHAIR 

Metallic 
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Conceptsto remember… 
 
 

• Ioniccrystals: 
– Interstitialsites 
– Ionicradiiratios 
– Differentstructures 
– Latticeenergy 

• Silica&silicates. 
• Carbon(diamond,graphite, fullerenes). 
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