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¥4 Empedocle$492 b.c. and 432 b)cAll matter is
composed of four main elements
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¥4 Democritus(460 b.c. to 370 b.¢: hfinitesimally small
pieces of mattelcalledatomos meaning "indivisible."
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¥4 Aristotle and Platcuejected Democrltus and supported
Empedocles

¥, Dalton first proposed part of his atomic theory in 1803




Atomsare the smallest structural units of all solids, liquids
& gases.

Atom: The smallest unit of an element that retains the
chemical properties of the element. Atoms can exist
alone or in combinations with other atoms forming
molecules.

Element:One of less than 118 pure chemical substances
An element is a substance composed of atoms with
identical atomic number.



Molecule A particle formed by the chemical
bonding of two or more atoms The moleculeis
the smallestparticle of a chemicalcompoundthat
retainsthe chemicalpropertiesof the compound

Compound A material formed by the chemica
combination of elementsin defined proportions
Compoundscan be chemicallydecomposedinto
simplersubstances



Proton: A subatomic particle with a positive charge of
1.60x10" coulombs and a mass of 1.672xI&g.
Protons are found in the nucleus of atoms.

Neutron: A subatomic particle with no charge and a mas
of 1.675x1&" kg. Neutrons are found in the nucleus of
atoms.

Electron: A subatomic particle with a negative charge o
1.60x 101° coulombsand a mass of 9.14 1031 kg.
Electrons are generally found in orbit around the
nucleusof an atom, but may be gained or lost during
lon formation.



C Atomslink to form materials When this linkageis selt
sufficient,the resultantwill be a gas,aliquid or asolid

Forexample
Atomsbondto form longchainf Po | y me r s
Atoms bond inregular3-Dar r ays YMet al s

C The bonding b/w atoms Is the result of the universal
tendency of all systems to take up their lowest
energy state. Atoms achieve their lowest energy
level by the possession of 8 electrons in their outer

most shell (except for the first shell which is stable
only with 2e")



C Considering the periodic table, the elements having
In their outermost shell are inert gases.

C They are chemically inactive. Se-
A
B | C O | F ] Ne
Clj| Ar
Se | Br|| Kr
Te | | || Xe
Po| At | Rn
M) _ >
Light Transient Metals Non Metals
Metals
Electropositivity increases Electronegativity increases
< >

E La|Ce|Pr|Nd|[Pm|Sm| Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
* I Ac | Th|Pa| U [ Np| Pu|Am [Cm | Bk | Cf | ES| Fm | Md | No | Lr




Atoms of the elements having 5, 6, 7 e In their
outermostshellaccept3, 2, 1 electronsrespectively

Thosehavingl, 2or 3 e giveup their outermostshell
electronsto remainwith 8 e in their underlayingshell

Atomshaving4 valanceelectronsmaybehavein either
way.

Valanceelectrons Theelectronsat the outermostshell



Atomic
Bonding

Secondary
Bonds

Primary Bonds

van der

lonic Covalent Metallic
WEELS




1. IONIC BONDING

C ;;,Na &,-.Cl These two ions are attracted to each
other by the electrostatic force developed b/w
them and an ionic compound (NaCl) forms.

C The ionic bonding b/w the two atoms results fron
the transfer of an electron from an electropositive
atom to an electronegative one, so a strong
electrostatic attraction is set up b/w the ions.



The Reaction of Sodium with Chlorine

i

Na

Cl

| )

The element sodium is a
silver-colored metal while
chlorine is a green-colored,
toxic gas.

2

Drop the sodium into the chlorine gas
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Upon contact, sodium
violently reacts with
chlorine. Let's take a more
detailed look at this
reaction,

N

Magnify the reaction



When the sodium atoms
contact the chlorine, an
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common table salc!
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Na + Cl-

(\+ —— : )
Note the relative sizes of ions
Na* shrinks and Ci expands

lonic Bonds are nondirectional !

. Cl- . Cl- . Cl-
Cl- . Cl- . Cl- .
. Cl- . Cl- . Cl-
Cl- . Cl- . Cl- . Cl-

Cl-




Properties of lonic Bonding

Force of attraction Is electrostatic (coulombic)

Bond is nordirectional (each + ion Is surrounde
by as many-ions as possible)

Bond is strong, stable, brittle

High melting point (as the # of iavolved In the
nond Increases, melting point increases)

Poor electrical conductivity

—orms between atoms of different
electronegativity values (one high, one low)

. An obvious limitation iIs that it can form only b/w
different atoms.




2. COVALENT BONDING

C Covalent bonds the bond in which-are shared
b/w atoms.

The elements showing covalent bond obeyNPBrule.

C (8-N) rule: The number of the closest neighbors 1
each atom iIs equal to {R)

N Is the valance e
CWhen N=7,suchas Cl g+ *gs —— gk
87=1Y the atoms pair off



C When N=6 such as S

_____ /6

16S © 152 282 2p6 3s2-3p4 8-6=2

X each atom has two closest neighbors so they
form long chains.

O, Se, Te behave like S.



C When N=5, such as
33AS © 152 252 2p® 352 3p® 3d10 452 4p3

8-5=3 Y hey require 3 cl
they form sheets of atoms.

C When N=4, such as ;C : 1s? 252 2p?

8-4=4 Y Th 8- striicturesn
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Properties of Covalent Bonding

It iIs based on electron sharing.

Bond Is directional (each atom Is surrounded b
definite amount of other atoms)

Bond Is hard and strong (slightly less than ionic
Very high melting point.
Poor electrical conductivity.

Forms Bw atoms withhigh electroneqativity
Covalent bonding is not limited to elements; me
compounds are covalent, like HC}CH




3. METALLIC BONDING

C Covalent bonding occurs in low electronegative atom
where they want to give away electrons.

C Metallic bond can be considered as a special type of
covalent bond in which instead of sharing particular
valance electrons, general sharing of valaras e
responsible for the bond.

C Valance electrons are detached from atoms, and
spread I n an “electron ¢
together.




@ The positive metal ions are arranged
regularly in @ Fcrystal sattieeT and aacloud ofc €
valance elecdtrons sumround them.
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Propertiesof Metallic Bond

. It is based on electron sharing. Electrons are

shared among all atoms.

Non directionality- desire for the largest number
of nearest neighbors

High thermal and electrical conductivity.
Moderately lower melting point.

Weakest primary bond.

. Forms between atoms witlow electronegativity




Hiph thermal and elecirical conductivity ?

Since the valance are not bound to any particular
atom, they can move through the lattice undet
the application of an electric potential causing
current flow.

Also by a series of collisions with neighboring
electrons they transmit thermal energy rapidly
through the lattice.



SECONDARY BONDS
(VAN DER WAALS BONDS)

C Secondary bonds are universal to all atoms anc
molecules, but as it Is a very weak bond, it may
neglected when primary bonds exist.

C It can also be termed as a physical bond as
opposite to chemical bonding that involves e
transfer.

C Describes a dipolar attraction b/w neutral atom:



C Since electrons move around nucleus (electroni
charge Is in motion), it Is possible for electrons tc
located unsymmetrically with respect to nucleus
a moment.

C In this way a dipole will be formed.

C Van der Waals bonding is a result of an attractiol
b/w opposite poles of these dipoles.

Atom - A Atom -B

Dipole:Pair of equal and
opposite electric charges. @]@
Attraction
High denmty ngh density

clouds clouds



C As the valance electrons of water molecule spend
more of its time around Oxygen atom than the
Hydrogen atom, a dipole is formed.

C The oxygen end of thenoleculedevelops a partial negative
charge (because of the negative charge ondhextrons.

C For the same reason, the hydrogen end of thelecule
develops a partial positive charge.

C Negative end of each water molecule is attracted by a
positive end of another water molecule.

C lonsare not formed; however, thenoleculedevelops
a partialelectrical charg@across it called dipole.



http://visionlearning.com/library/pop_glossary_term.php?oid=853&l=','Glossary
http://visionlearning.com/library/pop_glossary_term.php?oid=1518&l=','Glossary
http://visionlearning.com/library/pop_glossary_term.php?oid=1527&l=','Glossary
http://visionlearning.com/library/pop_glossary_term.php?oid=1559&l=','Glossary

Q-
Q A sinulation of polar

.. A simulation of polar
covalent bonding in the H,

covalent bonding m the H,
o molecule

] o (Only waletice electtons are showty)
@
l

molecule

o O (Ol waletice electtons are shown)

. >

S

Hydrogen bonds

QN
O

D
G




lon-dipale

Hexans
(CeHya)

lon-induced dipole

H,0
Methan£+ B %

(CH,OH)

H bond

¥

Dipole-induced dipole

.

Acelone
(CH)

<

Chlorolorm
(CHCLy)

CH.OH

Dipole -dipole

¥

%.,

C.H
Qctane o

(Ggfyg)

Dispersion



A Metals: Metallic bond

A Ceramicstonic / Covalent bonds

A PolymersCovalent and Secondary bonds
A SemiconductorsCovalent / lonic bonds

covalent

Semiconductors

Polymers

metallic secondary

Metals ;
lonic Ceramics and glass



Table 2.3 Bonding Energies and Melting Temperatures for
Various Substances

Bonding Energy Melting
kJ/mol el/Atom, Temperature
Bonding Type Substance (keal/mol) fon, Molecule (°C")

S NaCl 640 (153) 33 801
MgO 1000 (239) 5.2 2800

Covalent Si 450 (108) 4.7 1410
: C (diamond) 713 (170) 74 >3550
Hg 68 (16) 0.7 -39

. Al 324 (77) 34 660
Winisive Fe 406 (97) 42 1538
w 849 (203) 8.8 3410

Ar 7.7 (1.8) 0.08 ~189

i R 31 (7.4) 032 ~101
NH; 35 (84) 0.36 -78

Hydhgen H.O 51 (12.2) 0.52 0




ATOMIC BONDING
IN SOLIDS

BONDING ENERGY, INTERATOMIC SPACIN



C For two ions to come closerto each other, two
typesof forcesarein effect.

Attractive Forceq+) pull atomstogether

Repulsive Forces (-) develop when atoms are
brought into close proximity (~nm) There Is
mutual electronic repulsion between the two
atomsbecauseof the electronsaroundan atoms



Mat Cl-

%

by F.(x): Attractive force
St

};—-- (X): Total force

K X,Interatomic Spacmg

L1

F (X): Repulsive force




C When two atoms approach each other they exe
forces on one another.

1. Forces of attraction (F)YAt t r act i ve
atoms decrease with interatomic spacing, X.

(s inversely proportional with x)

2. Forces of repulsion (F)YAs atoms <co
repulsive forces dominate.

(s inversely proportional to a higher power of x than F))



¢ Total force SF = F_+F,
C WhenF=F,Y Equi |l i br iQuxax, p

C XglIs also known as equilibrium spacing and is
a very specific distance for a given pair of
atoms or ions. A large amount of force Is
needed to change (stretch or compress) that
distance. Therefore, generally atoms can be
assumed as hard balls when atomic
arrangements are considered.



A Sometimes it is more convenient to work with
the potential energies between two atoms

E = ﬁ:dx >

For atomic systems

E, = ffdx wheteE,, E,, E, afethe net,
o attractivaand repulsiveenergies

%0 for two isclatechndadjaeant
E.=fqF+tF)AdX ioms

En:Ea+Er
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F.ix) = Repulsive force
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gy (arbitrary units)

E,is the bonding energy that
represents the energy required té
separate two atoms to an infinite
separation.
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C The magnitude of the bonding energy and
the shape of E-x curve vary from material to
material and they both depend on the atomic
bonding.

C Furthermore a number of material properties
depend on atomic relationships (E,, curve
shape and bond type).

C Melting point

C Hardness

C Modulus of ElasticityA =dF/dx at x=x,
C Thermal expansion

C Conductivity of metals
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METAL MELTING TEMPERATURE LINEAR EXPANSION
Hg -39°C 40X 107" m/m-° C
Pb 327° C 29X 107°m/m-° C
Al 660° C 22X 107 m/m-° C
Cu 1084° C 17X 107¢*m/m-°C
Fe 1538° C 12X 107 m/m-° C

w 3410° C 42X 10m/m-°C



1. TemperatureAs T increasesy &lso increases.

2. lonic ValueAn electropositive atom () has a smaller
radius than a neutral atom (F

; . A i B
Fe Fe Fel

Similarly an
electronegative

atom (O2) has a

higher radius
than a neutral
atom (O).

| I I .I' }.___I
! 0.124 nm | 0.074 nm 0.064 nm
(a) (b) (c)




3. Surrounding AtomsAs the number of
surrounding atoms around a bond increases, tr
interatomic distance increases due to the
repulsive forces developed by electrons.

4. CovalencyAs the number of shared electrons
Increases, atoms will attract each other more al
the radius decreases.



Example : r: Interatomic distance in nm (*10 -° m)

u= —2_ + B 3 A -7.2*102[J (nm)?
rm rn
B: 9.4 *10-2°[J (nm)Y]
m=2,n=10

-7.2 %1020 9.4 * 1025
U= "
r2 r10

————~

e ™S
- -~

— -
—_—ee m — e o mm mm = ==

Calculate the net energy?

du -0 U=Arm™+Br™m

dr dU
dr

=-mAr™iy nBrn!



duU

dr — -2 * ( —72*10 -20) * r -3 | 10*(94*10 -25)*r 11 = O

14.4*10'20 9_4*10-25 )
- Y 8= 6.53*10"

r3 rll
r=0.299 nm

g = 2107, _9.4M0® . gas
™ (0.299)2 (0.299)10 > [J]




Potential Energy (.J)
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STATES OF AGGREGAT
AND
CRYSTAL STRUCTURI



¢ Anymaterialmaybe ineither of the following
state.

- Gasstate
. Liquidstate
. Solidstate
. Thestate of amaterialis governedoy:
. Typeof bond
- Energyof bond
. Stabilityof bond
. Sizef atoms
- Temperature
- Pressure



GAS STATE

C Each individual molecule of a gas has an order. Howeve
the overall structure has no order.

C Intermolecular bonding in gases is built by Van der Waa
bonding which is a weak bond.

C Atoms are in continuous motion at high speeds which
prevents them of having a fixed shape.

C The random movement of atoms will lead the gas to fill :
container into which it is introduced.



LIQUID STATE

C Liquids have more orderly structure than gases.
However, this order Is short ranged.

C The bond b/w particles is weak & limited. So,
liguids can take the shape of the container easily

C The thermal expansion of liquids is less than tha
gases.



1. Liquids derived from Crystalline solids:

These consist of small group of atoms still arranged |
crystalline structure. However, bonds are not strong
enough for them to form a rigid mass.

2. Liquids derived from amorphous solids:

These are composed of large molecules which are
flexible & mobile. Themajor differenceb/w two liquid
types is their melting point. First one has a definite
melting point becauseall the bondsin the crystalline
structure havethe samestrength & breakdown at the
sametemperature



SOLID STATE

Solid materials are classified according to the
regularity with which atoms or Ilons are
arranged with respect to one another.

C Crystalline Solids

C Amorphous Solids

C In crystalline materials atoms are situated
IN a repeating or periodic array over large
atomic distances. (long range order)

C In amorphous materials long range order
do not exist



Upon solidification of a liquid the atoms will
position themselves in a repetitive 3-D pattern
In which each atom Is bonded to its nearest

atoms.

Therefore, speed of solidification has a great
effect on the type of solid.

A Solidification occurs gradually Crystall

ASol i di ficati on occur s

S



C The type of bond also affects the type of solid
 lonic and MetallicBondss Cr yst al |l I ne
eCovalent Bonds - Amor ph

C While passing from liquid state to solid state
there is no definite dividing line. (Gels are In
between)

C Gels are formed by very fine particles of solid
trapping liquid molecules within themselves.
According to the type, strength and number of
bonds, gels may be more liquid or more solid.



CRYSTALLINE SOLIDS

C In a crystalline solid, particles which may be (atoms,
moleculesor ions) are surrounded by like neighbors
accordingo a definite geometricalrepetitive pattern.

C When describing crystalline structures, atoms or ions
are thought of as being solid spheres having well
defined diameters.



An example of the hard sphere model is the atomic
arrangement of some common elemental metals
shown In the figure.

in this exanpde:
A All atoms are identical.

A Sometimes the term
Hatticed is used in the
context of crystal
structures.

A Space-Lattice: 3-D
arrays of points in space
coinciding witih atom
positions.




C Unit cell:is the smallest unit of a space lattice
which repeats itself to form the lattice.

C In other words spacdattice is formed by face to
face packing of unit cells.



Unit Cell Configurations

1. Simple Unit Cell: Lattice points are at every
corner of the cell.

24

—

2. Base Centered Unit Cell: Extra lattice points in
the center of two parallel faces.

Y
@
d

3. Body Centered Unit Cell: An extra lattice points /.;

In the interior.

4. Face Centered Unit Cell: Extra lattice points at the
center of each face.




CuBIC

A bec CRYSTAL
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TETRAGONAL /r Based on unit cell
a=bzc I L:.&T configurations and

o= p=y=90° — atomic arrangements

HEXAGONAL TRIGONAL
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Face Centered Cubic (FCC) Structt

Two representations of a unit cell



Atomic Packing Factor

Atomic packing factor shows us how
dense the unit cell Is:

APF = Volumeof atomsn a unitcell
Totalunitcell volume

APF =1 ......... Unit cell is filled with

APF=0......... Unit cell iIs empty



Atomic Packing Factor of FCC

Remember!!! Atoms are hard spheres and they touch one
another along cube diagonal for an FCC structure.

a’+a’ =(4r)°

a=2r/2
Volume of unit cell, V;

V. =a®=(2r+/2)% =16r3/2

Number of atoms per unit cell:
AFace atomsi 6x1/2=3
ACorner atomsi 8x1/8 =1

Total number of atoms in the unit cell = 4



Atomic Packing Factor of FCC

APFE — Volumeof atoman aunitcell

Totalunitcell volume

(4)* (4/3pr°)
APF =
16r34/2

APF @D.74



How many atoms are in the fcc unit cell?

R

(a) (b) (c)
Figure 16.17

6(atoms on faces) + 8(atoms on corners)
=6(1/2) + 8(1/8)
=3 +1
=4



Body Centered Cubic (BCC) Structul

(a) (b) (c)

How many atoms are there in BCC
structure?

APF of BCC?




DENSITY COMPUTATION

Since the entire crystal can be generated by the
repetition of the unit cell, the density of a
crytalline material can be calculated based on

the density of the unit cell.
r : Density of the unit cell

_ N M n : Number of atoms in the unit cell

[
V M : Mass of an atom

¢ V. : Volume of the cell
Mass of an atom is given in the periodic table in atomic mass
(amu) or gr/ mol . To convert



DENSITY COMPUTATION

Avagadr o’ g 6.028xhl5 soms/maN

Therefore,
r : Density of the unit cell

nA n : Number of atoms in the unit cell

ro=
VC NA A : Atomic mass

V. : Volume of the cell

N,: AvagadrooO0s numb



POLYCRYSTALLINE MATERIAL

A Most crystalline solids are composedof many
smallcrystalsor grainstermed aspolycrystalline

A During the solidification of a polycrystalline
solids, the crystallization may start at various
nucleiwith randomcrystallographiorientations

A Upon solidification, grains of irregular shapes
mayform.

A The structure will have grain boundaries that
couldbe seenundera microscope



Stage 4



POLYMORPHIC TRANSFORMATIC

A Materials having the same chemical composition
can have more than one crystal structure. These
are called allotropic or polymorphic materials.

I Allotropy for pure elements.
I Polymorphismfor compounds.

A These transformations result in changes in the
properties of materials and form the basis for the
heat treatment of steels and alloys.



POLYMORRHAEEMM

(3D sifuctuce)



POLYMORPHISM

Iron (Fe) may also exist in several forms:
C BCC at room temperaturé Uiron

C FCC at 910/ C Yiron

C BCC at above 1400AC Y iron

C Above1539AC Y | i qui d

Upon heating an iron from room temperature to
above 910/AC, its crystal structure changes from
BCC to FCC accompanied by a contraction
(reduction In volume).



NONCRYSTALLINE SOLID

Amorphous
Structures



AMORPHOUS SOLIDS

CMateri al s

whi ch

don’ t h

pattern of crystals are calleginorphous materials

Amor phous

Ceramic Compound
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e 8o Ya\é/cj e @
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Crystalline

me ans

@ Silicon atom
@ Oxygen atom

O/\OO”\O

“wWl t hout
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Amorphous



AMORPHOUS SOLIDS

During the rapid cooling of a liquid, If atoms or
molecules do not find sufficient time to arrange
themselves in a longange repetitive pattern
amorphous solids will form unlike crystalline sol

obtained by gradual cooling.
C Glasses

C Polymeric materials
C Some ceramics




CRYSTALLOGRAPHIC POINT
DIRECTIONS, PLANES
&
THE MILLER SYSTEM OF INDI(



C When dealing with crsytalline materials, it is often
necessary to specify a particular point within a unit cell

a particular direction or a particu

ar plane of atoms.

C Planes are important in crystals because if bonding is

weak between a set of parallel p

anes, then brittle shes

fracture may occur along these planes.

C Therefore, it iIs necessary to be able to specify individu
crystal planes and in the case of shear to specify

directions within these planes.

Such identification is carried out by means of

Miller Indices.



POINT COORDINATES

The position of any point

/”‘ == b/, located within a unit cell
IS specified in terms of It:

/ coordinates as fractional

multiplies of the unit cell

_, edge lengths.
To detetnihache point

,. coorditnatest point P,
Thegwocoor di nat dieMarieinnwhichthe,
fraction) corresponds to the g, f, scoordinate of

di st gac el ®nagis t Baint P within the unit

Whera@_ i0os t he unéaﬂaﬂ,@%%mﬁ%ﬁngt

along x-axis.




CRYSTALLOGRAPHIC DIRECTIC

A crystallographic direction is defined as a line between two
points (@ vectol).

1. A vector of convenient length is positioned such that it passe
through the origin of the coordinate system. (Any vector car
translated throughout the crystal lattice, If parallelism is
maintained).

2. The length of the vector projection on each of the three axes
determined in terms of the unit cell dimensioasb, andc.

3. These three numbers are multiplied or divided by a commor
factor to reduce them to the smallest integer values.

4. The three indices are enclosed in bracketsuasvl. Theu, v,
andw integers correspond to the reduced projections along
and zaxes respectively.



1. Thevectorasdrawn
passeshroughthe f
origin of the coordinate
system andtherefore Na projection on
translationisnecessary = ais (a/2)

2. Projectionsof this vectotr y axis ()
alongx, y,andz axesare
a/l2, b,andOc. Interms
of unit celldimensions | [¢___._
5, 1, O.

3. Reductionof thes b—s]
numbersto the lowest —
set ofintegerscouldbe
donethrough
multipliyingthese

numbersby 2 to yield 1,
2,and0

4. Thecrystallographic
directionisthen [120]




a N
B
a
) X

a

AVectorAY a, a, a [1 111 a,
AVectorBY [110
AVectorCY [111




A For some crystal structures, several nonparallel
directions with different indices are actually
equivalent (The spacing of atoms along each
directionisthe same)

A For example in cubic crystals all the directions

representedoy the following indicesare equivalent
[10Q,[100,[01Q,[010],[0041,[001]

A As a convenience, equivalent directions are
grouped into a “family0 which are grouped in
angle brackets.

299130011030 930{003 [P
10



C Sometimes the angle between two directions
may be necessary.

Alh, k, 1] and B[h, k, ] Y the angle between
them is a.

A . B=|A| |B| cos a

h:h, + kK k; + 141,

cosa =

\(h 2+k 2+1,2) (h,2+k 2+ 2)



CRYSTALLOGRAPHIC PLANE

Y2 Theorientationsof planesfor a crystalstructure
arerepresentedn asimilarmanner

¥4 1n all exceptfor the hexagonatrystalsystem
crystallographigplanesare specifiedby three
Miller Indicesas (KI).

¥2Anytwo parallelplanesare equivalentand have
identicalindices

¥, Thefollowing procedureis employedin
determiningthe h, k, and| indexnumbersof a
plane



1. If the plane passes through the selected origin, either
another parallel plane must be constructed within the ur
cell by an appropriate translation, or a new origin must [
established at the corner of another unit cell.

2. At this point the crystallographic plane either intersects «
parallels each of the three axes; the length of the planal
Intercept for each axis is determined in terms of the latti
parametersa, b, andc.

3. The reciprocals of these numbers are taken.

4. If necessary, these three numbers are changed to the s
smallest integers by multiplication or division by a comnmn
factor.

5. The Integer indices are enclosed within parantheses as
(hkl).



1. The plane passes
through the selected
origin O. Therefore,
a new origin must be
selected at the
corner of an adjacen
unit cell.




2. The plane is parallel t
t h eaxixdnd the
Intercept can be taker
as oa. Th
Intersections are-b an
c/2. Lattice parameter
areco, -1, and1/2.

3. Reciprocals are 0], 2.

4. All areimntegersanededustivmisaesessary.
5. The efystatiographitaplaindsD)



z (001) Plane referenced to
f / the origin at point O

Other equivalent
""" (001) planes
(a)
z
f (111) Plane referenced to
the origin at point O

(110) Plane referenced to the
/ origin at point O

4 |

I !
I |
t t
I I
I !

N Other equivalent )

(111) planes

(c)

Other e}x/uiva!ent
(110) planes

(b)

= ’-v



: +E Z-intercept=1

¥-intercept=1
B . .
Y

X | | | Plane {111}
X-intercept=1": | '



C Various norparallel planes may have similarities
(crystallographically equivalent ). Such planes are refel
to as “family of plf{akles”

Examplefaces of a cubic unit cell.

(100) (010) (001)
(001) (100) (010) (001)
g ® ® O ® O @

(010)

(100)




PLANAR DENSITY

C When slip occurs under stress, it takes place on the
planes on which the atoms are most densely packed.

. _ #ofatomsin a plane
Uhky =
area

Example: FCC unit cell

4*1/4+1 5

Y100~ 22 T a?

g 1
a= 4 — U100)~

2 4r2



LINEAR DENSITY

C Whenplanesslip over eachother, sliptakes
placein the direction of closestpackingof atoms
onthe planes

Thelineardensityof acrystaldirection[h k | Is
determinedas:
# of atoms

Length of
direction

lj[hkl] =



C Example{100] of cubic unit cell

DO -

Q Example: Calcuizte planar density of the face plane
(100) and limear density am ttree feae dl agamal [0 ]
of an FCC sttnuctiure.




2. 15 For an Na™ —Cl1 ion pair. attractive and re-
pulsive energies FK~, and FEFg. respectivelw.
depend on the distance between the ions r.
according to

1.436
s, = ———— —
-1 -
T.32 = 10 %
ER e rE

For these expressions. energies are expressed
in electron volts per WNa™’™ —C1° pair. and r is
the distance in nanometers. T'he net energy
iy 1s just the sum of the two exXpressions
above.

(a) Supernimposce on a single plot Ay, . and
F o, versus - up to 1.0 mrr.

(I»)» OO the basis Oof thas plot, determine (1) thhe
euilibrinm spacing rg between the ™WNWat and
Tl ons, and (11) the magnitude of the bond-
inNnge encergyw M, bhbetween the two ions.

() Mathematically deterrmine thhe rp and g
values using the solutions to Problem 2,14
and compare thhese with the graphical results
from part (b).



2.15 (a) Curves of E ;. Ep. and E,;are shown on the plot below.

Bonding energy (eV)

() \ ——
i \
4 \
J -
» L 7
- \
- \
\
0 .
i
-2 - \ r0=().24 nm
4
s ] P, )
-6 1 | K 4| 1 1 I} 1 1
0 0.2 0.4 0.6 0.8 1.0

Interatomic separation (nm)



(b) From this plot

o = 024 nm
; - A B
(c) From Equation 2.11 for E,; Epy=——+—
dEp _ A nB -
dr {1+ 1) fAn+ 1)
Now, solving for r (= ro)
A _ nB
r°2 T ro(h -+ 1)
> = B

A =1.436
B=7.32x10°



Thus.

o [i)m i
0 nBb .
1/(1 - 8)
e = 0.236 nm
(8)(7.32 % 10°9)

and
B _ 1.436 N 7.32 x 107°
0 T B/l — B
| 1.436 T : | 1.436 | e )
{(8)(7.32 x 10—6)J L(S)(T.sz X 10-6)J



2.19 Compute the percentage ionic character of
the interatomic bond for each of the follow-
ing compounds: MgO, GaP, Csk, CdS, and
FeO.

Solution:

% ionic character = {1 — exp[—(0.25)(X, — Xg)*]} X 100 (2.10)

where X, and Xj are the electronegativities for the respective elements.

2.19 The percent ionic character is a function of the electron negativities of the ions XA and XB

according to Equation (2.10). The electronegativities of the elements are found in Figure 2.7.

For MgO, XMg =1.2and XO = 3.5, and therefore,

2
%IC = {1 _ oF0B)BI-12)% 1y 460 = 73.4%



For GaP, X5, = 1.6 and Xp = 2.1, and therefore,

(- 0.25)(2.1-1.6)2 |

%IC = [1 - @ JX‘IOO =6.1%

For CsF, sz =0.7 and )(F =4 .0, and therefore,

o 0.25)(4.0-0.7)2 |

%IC = {1 — Jx 100 = 93.4%

For CdS, xCd =1.7 and XS = 2.5, and therefore,

>
%IC = [1 _ g(-029)(2.5-1.7) }( 100 = 14.8%



For FeO, XFe =1.8and XO = 3.5, and therefore,

hlC =

|- ¢

025/05-18

X100 = 51.4%



3.3 Show for the body-centered cubic crysta
structure that the unit cell edge length a anc
the atomic radius R are related through

1= 4R1\V3,

Solution:

34 This problem calls for a demonstration of the relationship a = 4R.f_3 for BCC. Consider the BCC

unit cell shown below



Using the triangle NOP

(NFP)
Annd then for triangle NP Q.

N
But N_ = 4R, R being the atomiic radius .

AR~

-+ az = 282
>+ (NP)=
P = a. Therefore,



3.5 Shcm that the atomic packing factor for BCC
1S 0.68.

Solution:

We are asked to show that the atomic packing factor for BCC is 0.68. The atomic packing factor is

defined as the ratio of sphere volume to the total unit cell volume, or

v
APF = =2

Ve

Since there are two spheres associated with each unit cell for BCC

3) 3

4‘IR SnR

\/S 2(sphere volume) = 2| sm——



Also, the unit cell has cubic symmetry, that is VC =a". Buta depends on R according to Equation

3.3), and

_ l R’ R’

\Va = -
)

Thus,

3
APF = =R 6

64R% /343




3.8 Caleulate the radius of an iridium atom, given that Ir has an FCC crystal structure, a density of 22.4

3 L
glenr’, and an atomic weight of 192.2 g/mol

Solution

We are asked to determne the radius of an iridium atom, given that Ir has an FCC crystal structure. For
FCC. n =4 atoms/unt cell. and V= 1684 (Equation 3.4). Now.

A

P= o
VCJNA

8
(16R342)N




And solving for R from the above expression yields

\/3
I?Ah. |

f
‘- \hlﬁpf\rmﬁ J

(4 atoms/unit cell) (192.2 g/mol)

(16)(22.4 gem?)(6.022 x 103 atoms/mol)(y2)

=136 % 10" cm=0.136 nm

L/



313 Rhodium has an atomic radius of 0.1345 nm and a density of 12.41 gienr’. Determine whether it has

an FCC or BCC crystal structure.

Solution

In order to determine whether Rh has an FCC or a BCC crystal structure, we need to compute its density for

each of the crystal structures. For FCC, n =4, and a = ZRNE (Equation 3.1). Also, from Figure 2.6, its atomic

weight is 102.91 g/mol. Thus, for FCC (employing Equation 3.5)

gy nApy
a°Ny  (2RV2)°N,

(4 atoms/unit cell)(102.91 g/mol)

{[{2)(1.345 x 1078 c111)(\,-"—2)]3 .-"'(unitcell)}(é.ozz x 103 atoms /mol)

=12.41 g/em’

which 1s the value provided in the problem statement. Therefore, Rh has the FCC crystal structure.



3,16 Lodine has an orthorhombic i cell for which the , b, and ¢ lnteice parameters are 0.479, 0,723,
and 0,978 nm, respectively

(a) If the atomic packing factor and atomic radis are 0.547 and 0.177 mn, vespectively, determine the
immber of atoms i each unit cel

(b) The atomic weight of odine is 126.9] o/mol; compute ifs heoretical densi.



Solution

(a) For indium. and from the definition of the APF

H[/i; R;J
.3 y

c abc

we may solve for the number of atovas per unit cell, 7. as

(APF) abc
hd m R3
3

n =

Incorporating values of the above paramsters provided in the problem state leads to

(0.547)(4.79 x 1078 cm)(7.25 x 107 cm)(9.78 x 10-% cm)

in(].?? x 1078 cm)?

e

= 8.0 atoms/unit cell



(b) In order to compute the density, we just employ Equation 3.5 as

4

- abe N o

(8 atoms/unit cell)(126.91 g/mol)
{[(4.79 « 108 em)(7.25 x 10% cm)(9.78 x 1078 c111)].-"'1111jt cell}(6.022 x 104 atoms/mol)

=496 glem’



3.20 Below is a unit cell for a hypothetical metal.
(a) To which crystal system does this unit cell belong?
(b) What would this crystal structure be called?

(c) Calculate the density of the material, given that its atomic weight is 141 g/mol.

C.40 nm

e D-:F—-b‘—-'ﬁ:—\—_——— - —p—-hy
g{]”.—-ﬂ“ = 9‘?“
L -

-
- Y 030 m




(4) The wnit cell shown in the problem statement belongs to the tetragonal crystal system since a=b=0.30
o, =040 nm. and o= p=y=90°
(b) The crystal structure would be called body-centered tefragonal,

(c) Aswith BCC, =2 atoms/untt cell. Also, for this unit cell

Ve = (3.0 % 108 cm*(40 x 10 can

= 360 x 107 et cell



Thus, using Equation 3.5. the density 15 equal to

nA

P = -
oMo

(2 atoms/unit cell) (141 g/mol)

(3.60 % 105 cmumit cell)(6.022 x 10* atoms/mol)

=130 g.--"{:m3



327 Draw an orthorhombic unit cell, and within that cell a [121] direction.

This problem cal

90°). Such a unt cell wt

s forus o draw a {121 ] diection witn an orfhorbombic it ell (1D ¢, 0 =p=1=

1185 onigin posttioned at potnt O 1 shown below. We fist move along the +x-axis s

(trom pont O o point A), then pasallel t the +y-ass 2 vats (from point A to potnt B). Funally, we proceed

paralle 0 the =2 wais (fom point B to it ). The [121] diretion s the vector rom the origin (poit )

f0 pornt C as shown






3.29 What are the indices for the directions indicated by the two vectors in the sketch below?

TZ

0.3

+x




For direction 1. the projection on the x-axis 1§ zero (stnce it lies i the y- plane). while projections on the y-

and z-axes, b2 and c, respectively. Thisisa [012] direction as indicated i the summary below.

X )i -
Projections a b2 c
Projections 1n terms of a. b. and ¢ 0 1/2 1
Reduction fo mtegers 0 1 )

Enclosure 012]



Direction 2is [112] as summarized below,

! )
Projections 02 b2
Projections 1n terms of a. b, and ¢ 112 112
Reduction to tmfegers 1
Enclosure 112

|

(]
|



3.30° Within a cubic unit cell, sketch the tollowing
VA~ directions:

@ 101, () [111]
b) 211, (@) [212)
© (02 @B
@[3,y [o1]




3.30 The directions asked for are indicated in the cubic unit cells shown below.




E 4

[102]



3.38 What are the indices for the two planes drawn
in the sketch below?

Plane 2

Plane 1

+:r*/{ 0.4 nm =



Solution:

3.38 This problem calls for specification of the indices for the two planes that are drawn in the sketch,

Plane | 15a (211) plane. The determination of its idices 15 summarized below.

X J :
Intercepts al? b C
Intercepts m terms of @, b, and ¢ 112 1 1
Rectprocals of mtercepts 2 l l

Enclosure (211)



Plane 2isa (020) plane, as summarized below.

X
[ntercepts ol
Intercepts m terms of @, b, and ¢ o)
Rectprocals of mtercepts 0

Enclosure

=2



3.38 (a) Draw an orthorhombic unit cell, and within that cell a (210) plane.

(b) Draw a monoclinic unit cell, and within that cell a (002) plane.

Solution

(a) We are asked to draw a (210) plane within an orthorhombic unit cell. First remove the three indices
from the parentheses. and take their reciprocals--i.e.. 1/2. 1. and oo. This means that the plane intercepts the x-axis at
a/2. the y-axis at b, and parallels the z-axis. The plane that satisfies these requirements has been drawn within the

orthorhombic unit cell below. (For orthorthombic. a #b #c.,anda=p =v=90°)

A
|




(b) A (002) plane ts drawn within the monoclinic cell shown below. We first remove the parentheses and
take the rectprocals of the indices; this gives «, oo, and 112, Thus, the (002) plane parallcls both - and y-axes, and

(ntercepts the -axis at a/2, as indicated n the drawimg, (For monoclinic, a £b# ¢, and o= y=90° £




3.39 Sketch within a cubic unit cell the following

% planes:
@) (10) |
* (b (211), )
© (0. (9 6.
(d) (313), )



Solution:

3.39 The planes called for are plotted in the cubic unit cells shown below.

7

(211)

> )

(101)







3.51 (a) Derive linear density expressions for FCC
[100] and [111] directions in terms of the
atomic radius R.

(b) Compute and compare linear densityv val-
ues for these same two planes for copper.

Solution:

3.51 (a) In the figure below 1s shown a [100] direction within an FCC unit cell.




For this [100] direction there is one atom at each of the two unit cell corners. and. thus. there 1s the equivalent of 1
atom thart is centered on the direction vector. The length of this direction vector is just the unit cell edge length.

2R+2 (Equation 3.1). Therefore. the expression for the linear density of this plane is

number of atoms centered on [100] direction vector

LD =
length of [100] direction vector

100

| atom 1
T2R(2  2R|2

An FCC unit cell within which is drawn a [111] direction is shown below.

e 1
= y (111
O 2 O
1 ¥
S s SN Ve

For this [111] direction. the vector shown passes through only the centers of the single atom at each of its ends. and.
thus. there is the equivalence of 1 atom that is centered on the direction vector. The length of this direction vector is

denoted by = in this figure. which is equal to

Z=/ X+ y



where x 15 the length of the bottom face diagonal, which 15 equal to 4R. Furthermore, v 15 the unit cell edge length.

which is equal to 2842 (Equation 3.1). Thus, using the above equation, the length = may be calculated as follows:

- (4R + (RA2): =y 4R% =2R{6

Therefore, the expression for the linear density of this direction 15

. - number of atoms centered on [111] direction vector
1

length of [111] direction vector

) | atom ) 1
ER,\; 6 2R1|f 6




(b) From the table istde the front cover, the atomic raduus for copper 15 0.128 nm. Therefore, the lmear

density for the [100] direction 1s

=276 =276 %107

LD100 (Cu) =

|
m( DI’Smn\f

While for the [111] directton

=139 11111'l =1.59 x 109 111'1

l
1“ "R,f (0.128 nm (



3.53 (a) Derive planar density expressions for
FCC (100) and (111) planes in terms of the
atomic radius R.

(b) Compute and compare planar density val-
ues for these same two planes for aluminum.

Solution:

3.53 (a) In the figure below 1s shown a (100) plane for an FCC unit cell.

® Q




For this (100) plane there 15 one atom at each of the four cube comers, each of which 1s shared with four adjacent
unit cells, while the center atom lies entirely withm the unit cell. Thus, there 15 the equivalence of 2 atoms
assoctated with this FCC (100) plane. The planar section represented 1 the above figure 1 a square, wherein the

side lengths are equal o the nit cell edge length, 28?2 (Equation 3.1); and, thus, the area of this square is jus

(ZR\E)Z = SRZ. Hence, the planar denstty for this (100) plane 15 ust

number of atoms centered on (100) plane

PD,nn =
100 area of (100) plane

) 2 atoms B ]

I

SR*  4R-



That portion of an FCC (111) plane contained within a unit cell 1s shown below.

|l«— 4r —>

There are six atoms whose centers lie on this plane, which are labeled 4 through F. One-sixth of each of atoms 4.
D. and F are associated with this plane (vielding an equivalence of one-half atom). with one-half of each of atoms

B. C. and E (or an equivalence of one and one-half atoms) for a total equivalence of two atoms. Now, the area of



the triangle shown in the above figure 1s equal to one-half of the product of the base length and the height. /. If we

consider half of the triangle, then
QR)* + h* = (4R)*

which leads to h = ZR.JE. Thus, the area 15 equal fo

rrego HRO) _ GRICRY3) o N
2 2

And. thus, the planar density 13

number of atoms centered on (111) plane
area of (111) plane

PDyyy =

_ 2atoms ]

C4RE3 2R3




(b) From the table mside the front cover, the atomic radius for alumumum 15 0,143 nm. Therefore, the

planar denstty for the (100) plane 15

| : -= 123 =123 10" o

) =— =
4R 4(0.143 nm)”

Al

100(

While for the (111) plane

| 1 1 1
- = 141 = 1412107

2D, (A= —— -
R 213014 m)!



