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Levels of atomic arrangements

> No order

In gases, for example the atoms have no order, they are randomly distributed filling the
volume to which the gas is confined

» Short-range order

A material displays short-range order if the special arrangement of the atoms extends
only to atom’s nearest neighbors (Amorphous Material/Glass)

» Long-range order

Metals, semi-conductors and many ceramics have crystalline structure in which the
special atomic arrangement extends throughout the entire material. The atoms form
a regular repetitive, grid-like pattern, or Lattice.

The lattice differs from material to material in both shape and size



Lattice

***Unit cell
is the subdivision of the crystalline lattice that still retains the overall characteristics
of the entire lattice.
s Lattice points
Located at the corners of the unit cell and, in some cases, at either faces or the in
the unit cell.
s Lattice parameter
describes the length of one side of the unit cell
Typically in order of nanometer (1nm=1*10° m)
*Number of atoms per unit cell
A specific number of lattice points that define each of the unit cells, when counting
one must recognize that lattice points may be shared by more than one unit cell
s Coordination Number

The number of the closest neighbor atoms to a lattice point 3



Bravais lattices
* There are 14 different lattices in 3D divided into 7
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Hard spheres model

Assumptions:
e All the atoms are hard spheres that can not be distorted

e The atoms in the most dense direction are touch each other

Primitive Body-centered Face-centered



Crystal Structure of Elements
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Crystal Structure and atomic radii of
some selected metals

Table 3.1 Atomic Radii and Crystal Structures for 16 Metals

Aromic Afromic
Crysial Radius" Crystal Radins
Meral Structure” () Metal Siruciure ()
Aluminum FCC 0.1431 Molybdenum BCC (0.1363
Cadmium HCP 0.1490 Mickel FCC 0.1246
Chromium BCC 0.1249 Platinum FCC 0.1387
Cobalt HCP (.1253 Silver FCC 0.1445
Copper FCC 01278 Tantalum BCC 01430
Gold FCC 0.1442 Titanium (e) HCP 0.1445
Iron () BCC 0.1241 Tungsten BCC 0.1371
Lead FCC 0,17 50 Zinc HCP 0.1332

“FCC = face-centered cubic, HCP = hexagonal close-packed; BCC = body-centered cubic.

5 A nanometer {nm) equals 107 m: to convert from nanometers to angstrom units [’..35.],
multiply the nanometer value by 10.



Example 1.1

Determine the number of lattice atoms per cell
and the coordination number in the cubic
crystal systems

SC —one point at each corner i.e. 8 points per unit cell. BUT each point is been
shared by 8 unit cells so: (8 corners)-(¥%)=1; CN=6

BCC — one point at each corner (shared by other 8 unit cells) and another point
in the center. (8 corners)-()+(1 center)=2 ; CN=8

FCC — again, one shared point at each corner plus one point at each face (shared
by two unit cells). (8 corners)-(})+(6 faces) - (2)=4 ; CN=12



Example 1.2

Determine the relationship between the atomic
radius and the lattice parameter in SC and BCC

Let r be the radii of the atom and a, the side of the cube:
SC: a,=2r

BCC: the atoms along the main diagonal touches each
other

4r= 3)? a



Hexagonal Close-Pack (HCP)

Not all metals have unit call with cubic symmetry. Some has a unit cell

that is hexagonal (Co, Ti, Zn)
<) N
‘ | = =
| A ~

Hexagonal Face
Close Packed Centered Cubic

Structure Structure

c/a ratio should be 1.633; however, for some HCP metals this ratio deviates from the ideal
value
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Packing factor

The packing factor is the fraction of space occupied by atoms,
assuming that atoms are hard spheres

volume of atoms in a unmt cell

APF =

total unit cell volume

Examplele 1.3

Calculate the packing factor for the FCC cell

There are 4 lattice points per cell and one atom per unit cell giving total 4 atoms per unit cell. The volume
each atom is %4(4ntR3) and the volume of the unit cell is a,*:

{4 atoms/ cell {4 ar?)

3
fp

Pacldng factor =

Since, for FCC unit cells, a, = 4r /2

()3 )

~o- 22 {0,774

(/2] :

Packing factor =



More about PF

The packing factor of 0.74 in the fcc unit cell is the most
efficient packing possible

FCC 0.74
BCC 0.68
SC 0.52
HCP 0.74
Diamond 0.34

No common engineering metals have the SC structure
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Density

The theoretical density of a material can be calculated using the
properties of the crystal structure. The general formula is:

_ nA
£ VeNa
where
n = number of atoms associated with each unit cell
A = atomic weight
Vi = volume of the unit cell
Na = Avogadro’s number (6.023 x 10% atoms/mol)
Example 1.4
Calculate the theoretical density of copper ¢ o 0127%nm M = 63546 B2 no= 4 Av = 6022105
mol ol
d-r
al = —
2 -
V2 a0 =036l om | ; .
Vo= al po= Vodov
-39 3 &
VeodTlix i) £’  EEE) o = 8937 x 10° 1B
13 gl

The theoretical density is higher than the measured one (p=8.93) why?



Interstitial sites

Interstitial sites are small voids between the basic lattice atoms
into which smaller atoms may be places

Coordination number
SC: Cubic (1, CN=8) BCC & FCC: Octahedral

(BCC: 12/4+6/2; FCC: 12/4+1, CN=6)

nl/
0.4

r

Cation

FCC: Tetrahedral(8, CN=4)

ions

Triangular(3)

14




The Ratio Between The Interstitial
Atom Radius (r) and The Lattice
Atom (R)

SC: cubic-r<0.732R

FCC: octahedron- r<0.414R
tetrahedron- r<0.224R

BCC: octahedron- r<0.154R

15



lonic crystals (> 50% ionic*)

*The fraction of bonding that is covalent can be estimated form the equation:
Fraction covalent = Exp(-0.25-AE?)
AE —difference in electronegativity

Many ceramics materials contain ionic bonds between the anions and the
cations. These ionic materials must have crystal structure that ensures
electrical neutrality, yet permit ions of different size to be packed. The
crystal structure of ionic bonded compounds often can be described by
placing the anions at the normal lattice points of a unit cell, with the
cations then located at one or more of the interstitial sites

» Coordination Number (in ionic material)
The number of ions with opposite charge that surround the ion.
» Electrical neutrality
The charge of the anion equals to that of the cations that
surround it :
anion valence=-3cation valence/C.N(of the cation)

» Stoichiometry
The unit cell must preserve the material stoichiometry



Electrostatic Energy of lonic Crystal
(Madelung Energy)

Example 1.5

Calculate the Madelung constant for an infinite chain of alternating
positive and negative ions + - + - + and so on.

zjziezA
UM = — i d , Zj isthe number of charges on ion i; d is the distance between the nearest
0
neighbor ions.

2In(2) =In(4)

17



Haber-Born cycle
Example 1.6

Calculate the lattice energy for MgO.

Gibbs energy of W Cohesive Energy (C) w 1% lonization energy | 2™ lonization energy
W formation [kJ/mol] kJ/mol IE1) [k)/mol IE2) [k}/mol
145, Mg [REH 1451
L 593 N 1459 _ _
I 246.8 W 1=t Electron affinity 2" Electron affinity
EA1) [kJ/mol] EA2) [k)/mol]
I 140 844
AG; =IE+EA+C,+C,+U

C,is the cohesive energy of ion A, C; is the cohesive energy of ion B, IE is the
ionization energy of the cation, EA is the electron affinity of the anion and U is the
lattice energy.

AG; =IE +IE,+ EA +EA, +C, +C, +U
—596.3=738+1451-140+844 +145.9+ 246.8+U

U = —3882 K U  Uwmgo

mol %Ilonic = ~ 85%

Uy, U
zjz;e*A 2:-2-(1.6-10719)2.1,748 K] M M(Mg0)

U = - = = —4584——
Myg0) Ameod  4m-8.85-10-12.(0.72 + 1.4) - 10-10 mol 18




lonic radii

The radius ratio determined the coordination number

12 Hexagonal or Cubic 1.0
Closest Packing

8 Cubic 1.0-0.732
6 Octahedral 0.732-0.414
4 Tetrahedral 0.414 - 0.225
3 Triangular 0.225-0.155
2 Linear <0.155

A number of common structures in ceramics compounds are described below: ;



Caesium Chloride structure (CsCl)
(r/R>0.732)

The Chloride antions forms SC with one Cs cation occupied cubic

interstitial site; Or, two SC structures that are shifted by 2 main
diagonal. Coordination number: Cl=8, Cs=8
Number of atoms per unit cell=2

20



Example 1.7

For KCl, (a) verify that the compound has the CsCl structure and (b) calculate the PF for the compound (the
ionic radii are: r,=0.133nm r=0.181 nm and the electronegativity: K=0.8, CI=3 )

or/r=0.133/0.181=0.735. this ration corresponds to coordination number of 8, the
difference in the electronegativity is 2.2(70%< ionic) and the valance of each ion is 1 so the
compound will be CsCl structure.

eFirst lets find the lattice parameter and the volume of the unit cell. The ions touches each
other along the main diagonal so: V3-a,=2r+2r . Therefore a 0=0.363nm.

4 ary(l X ion)+ % ooy (1 €l ion)

Packing factor =

3
fy

2 (01337 + 2 o181
3 3 =0,725
(0.363)°

21



Rock Salt structure (NaCl)
(0.414<r/R<0.732)

The Chloride antions forms FCC with and Sodium cation occupied all the
octahedral interstitial sites; Or, two FCC structures that are shifted by />
lattice parameter. Coordination number: Cl=6, Na=6

Number of atoms per unit cell=8

»Many ceramics including MgO, CaO and FeO, have this structure

22



Example 1.8

Show that MgO has the sodium chloride structure and calculate the density of MgO. (the
ionic radii are: ry,,=0.066nm r,=0.132 nm. The atomic weights are: 24.312 and 16 [gm/mol]
and the electronegativity 1.2 and 3.5 for Mg and O respectively)

-ng/ro=0.066/O.132=O.50. this ration corresponds to coordination number of 6, the
difference in the electronegativity is 2.3(74%< ionic) and the valance of each ion is 2 so the
compound will be NaCl structure

First lets find the lattice parameter and the volume of the unit cell. The ions touches each
other along the edge of the cube so: a;=2r,,,+2r, . Therefore a0=0.396nm. Each unit cell
contains 4 O ions and 4 Mg ions:

4 Mg ions¥24.312)+ (4 O lonsfio 431x10%g.m™ = 4.31g/cm?
(3.96 <107 "im)’{6.02 w1047}

23



AntiFluorite(Li,0)/ Fluorite structure (CaF,)

The antifluorite structure is FCC of the anions, with cations (small,
r/R<0.414) located at all eight of the tetrahedral positions. Coordination
number: O=8, Li=4

The fluorite structure is FCC of the cations (large, r/R>0.732), with anions
located at all eight of the tetrahedral positions. Coordination number:
F=4,Ca=8

Number of atoms per unit cell=12

24



Example 1.9

Please show that the local electrical-neutrality is preserved in fluorite CeO,

eanion valence=-5cation valence/C.N(of the cation); oxygen valence=-2, cerium valence=+4,
number of cations around the anion=4, C.N of the cation=8

oo -
Nlr—\

= —2 = oxyen valence

i

25



Covalent structure (<45% ionic)

Diamond cubic structure
» Elements such as silicon, germanium and carbon in its diamond
form are bonded by four covalent bonds and produce a
tetrahedron
» This lattice can be describes as an FCC lattice with two atoms
associated with each lattice point or two FCC structures that are
shifted by % main diagonal. Coordination number 4 ; 8 atoms per
unit cell




Zinc Blende structure (ZnS)
(covalent, or ionic when r/R<0.414)

Exactly like diamond structure but with two elements Instead of one.
This structure is typical for covalent materials and ionic materials with
very small cations. The Sulfur atoms enters to tetrahedral sites in the
FCC Zink lattice. Sulfur atoms occupies 4 of the 8 sites inside the unit
cell. Coordination number: Zn=4, S=4

¢= A

AN




Example 2

Would you expect CsBr to have the sodium chloride, zinc blende, CsCl, antifluorite or
fluorite structure? Based on your answer, determine:

a. The lattice parameter Electronegativity: Cs=0.7, Br=2.8

. - B - B
b. The densrty WwCs = 13291 ol WIwEr = 72904 ol
c. The packing factor for CsBr s e 0167 Br e 01060

The valance of bromine is Br! and of cesium Cs*! so one might expect an ionic compound
o covalent fraction=exp(-0.25-2.12)=0.33
The ionic radii ratio is: v 0252 0.852 isin the range of cubic so CsCl structure is expected.

_ (ZTs + ZrBi)
B ‘.ﬁ all = 0.419 fun

a. CsCl is like BCC structure with the atoms in contact along the main diagonal. al:
the lattice parameter (side of the lattice unit cell) is: _
b. Each unit cell contains one Br and one Cs atom. The volume of the unit cell and the density can be calculate:

lattice = &l:l3 Mattice = I:I.I:I'Fdlnm3

Il " s IwBr
1 - + 1 - N
P o= kil _ kil o= 4790 % 10° —5

Wattice 3

c. The PF is the volume occupied by the atoms divided by the volume of the unit cell so:
4 4
E-’.II-I'CSE + —-ﬂ-rElr3

FF . FF = 06595 28

Wlattice



Example 2.1

For the structure that is shown below, determine the:

a) Coordination Number
b) Number of ions per unit cell
c) Stoichiometry

a) 4

b)l-X+2—X+ 2X pom +EM AM
6 3 6 12

c) 1.1

Wurtzite
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