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Historical perspective:

~ Materials foun ,
P Sl d everywhere around us and effects the quality

= Eg_e deveiopment and advancement of societies are tied to
# members ability to produce and manipulate material to fit
their needs.

« Materials drive our society

— Stone Age

— Bronze Age Designation is based on the level of
— lron Age material development
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Electronic components and semiconductors
tronicpnponents and semiy
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Biotechnology and Energy app ications
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-E;@ Silicon Age?

b Polymer Age? —
l: .._-.,,::.p' Smart materials and Nano-materials Age ——>
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- Naturally occur materials: stone, skin, bone, wood.

- Synthetic materials: discover techniques (heat treat nent. and

addition of other substances) to produce materials that have
superior properties to the natural ones, i.e. metals.
. Advanced materials: knowledge acquired over approximately

the past 100 years after understanding relationship between

material structure and its properties.
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Materials Science and Engine?ring

Tngrche sfree

Why do we study materials science and
engineering? fetndecl~ith Atoms T
" Many engineers will at one time or another exposed to a design . What is material science? Materials science i 2 fundamental
problem involving materials. Properties of materials; Cost and science conce?n_e? with the relationship between the structure and pr?pemes of
materials. [Fundamental science (of basic science, pure science)
__matenals

availability; Performance; Processing technique.

Examples

Mechanical Engineer: Transmission gear design.

gineer. Oil refinery component.

Chemical En

Electrical Engineer: Integrated circuit chip.

Civil Engineer: Superstructure of building.
Industrial Engineer: Design of ....7

fundamentals and knowledge.]

. What is material engineering? Materials Engineering takes
those materials and applies them to real world problems, by knowing the
haterial for

use 1be properties of a particular material engineers design or fabricate that i
Qreperiic) desired applications. [Applied science: the application of scientific knowledge

in Appiiup transferred into real-world problems.]
p..! » What are the basic components of the materials

science and engineering? (material tetrahedral)
Chapler 1- 4 @ Chaper 1- 5 @




Materials Science and Engineering
Elements

1) Structure
2) Properties
3) Processing

4) Performance
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. Transmiﬁance:g\luminum oxide may be transparent,
translucent, or cpaque depending 0 material structure.

polycrystal: polycrysta.lr
single crystal low porosity high porosity
T
Crystalli 1 $ i R
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o 2O 8 Processing
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Polycrystalline materials are solids that are composed of many crystallites of varying size and

orientation.
Chapter 1 - 7

Adapled from Fig. 1.2, Calfister 7. (Speamen preparation, P A Lassing; photo by S. Tanner.)
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Material Property

Auther

e

Definition: it is the material attribute in terms of kind and

magnitude of response to a specific inposed stimulus. -
SRR s

Z

hezed)

The properties of solid materials can be grouped into different

categories:

-~ Mechanical
— Electrical
— Thermal

- Magnetic
— Optical

Deteriorative: The act or process of becoming worse.

- Material property is independent of its size and shape.

Chaptor 1- 8
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Mechanical properties
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Manufacturing properties

Chemical properties
Other non-mechanical properties

Economic properties

Aesthetic properties
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Density, melting point, damping capacily
Yield, tensile, compressive and torsional

[ yi=
4 strengths, auctility,|fatigue strength =t J 4 v
Ereep sirenglh, fraclure toughness oxed +2)

Ability 10 be shaped by moldi cas?ing,
plastic deformation,/powder ocessi
machining. Ability 16 be join% By
welding, and other process

Resistance 1o oxidatian, corrosion,
solvents, and environmental factors
Electrical, magnetic, optical and thermal
properties

Raw material and processing cost.
Availability

Appearance, texture and ability to accept
special finishes
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Macroscopic level

Bottom-up study approach: of e
Subatomic level: involves electrons within individual e &-fﬁf e = g
atoms and interactions with their nuclei. ‘( 1o ™ j( OO0 |
Atomic level: encompasses the organization of atoms or | ...'...

Atomic level

L XX
! O
)
)
:

molecules relative to one another. 1 w’“‘— le '91

Microscopic level: contains large group of atoms that are ne ™ . 2 ye
normally agglomerated together. (Microscopic means it Amorphous 3 - i ;;5{ 77y 4
- : 2 (di g R 5 .
can be observed by some type of microscope). z Jo }“}d f o
acroscopic level: involves the structural elements that )/ icr ~i:1\)\)
ne " §subatomic level S

may be viewed with the naked eye. ’)j seen with
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Design, materials and manufacture?

nterrelationships: Design problem involving materials...selecting the right
naterials...manufacturing processes

‘The more familiar an engineer with the various characteristics and structure-
aroperties relationship, and processing techniques; the more proficient and
sonfident she/he will be to make good choices based on the selection criteria’s.”

Chapler 1 11 @

Points to be consider upon material selection?

Does the material have the necessary properties?

Ex. Strength and ductility...range of materials suitable for the job

In-service conditions...stability. )
Ex. Reduction in mechanical strength / high temperature / corresive

environments)

Can the material be formed to the desired design and shape?
Manufacturability; ...manufacturing process. Processing techniques...will
effect the properties

Will the material be adversely affected by environmental conditions
and environmental interaction? Will the properties of the material alter
with time during service? Will the material resist corrosion and other form

of attack?

Will the material be acceptable on aesthetic grounds?

Can the product be made at an acceptable cost?

Environmental and social factors...Safe Chaper 1- 12 @
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- The Materials Selection Process Classification of materials™
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- 1. Application — Determine required Properties * Metals
Prqperﬁes: mechanical, electrical, thermal, magnetic, » Ceramics Main classes of materials
optical, deteriorative. » Polymers oo L arterid
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2. Properties — Identify candidate Material(s) = _\ o 1 ERA S

Material: structure, composition. + Semiconductors si
3. Material Identif + Biomaterials T¢ L—— Ad d materials
b 3. aterial — ldentify required Processin reed . vancea m
) Ak 9 prsext et 5 Nanomaterials
Process:_ng: changes structure and overall shape A neano :
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¥ The Metds 1) C;;f_‘fi.'_lﬁ:.——-ﬂ.
neatls, APPET
Metals*

Composed of one or more metallic

elements, and often nonmetallic
element

e Ak\ Fhe a"}OP\J

in a relatively small
amount.
Structure:

Atoms arranged in a very orderly
manner. Relatively dense. Large
number of non-localized electrons.
Properties: ,»)ewsilc

Strong, Stiff, ductile. High thermal

& electrical conductivity. Opaque,
reflective.

Application examples

The term metal alloy is used 1o refer to a metallic substance thal is composed of two or mare elements.

Chapler 1- 15
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» Compounds between metallic

and nonmetallic elements.
G-
Common ceramics: Oxides,
(2carbides, Titrides, clay minerals
(porcelain), cement, and glass.

i 5 JaCs vess F 3 %
Properties _)’/r/y oy
Strong, stiff, very hard, brittle. Insulator =
(low electrical conductivity).
Resistance to high temperature and
harsh environments. Optical behavicr:

transparent, translucent, or opaque.

Application examples
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Polymers

‘Organic compounds that are
‘chemically based on C, H, and
‘other nonmetallic element (O, N,
:Si).

§Structure:

' Large molecular structure chain-like in
- halure, have backbone of C atoms
Properties:

Low density. Non strong, not stifl
(strength/mass is good), ductile, and

pliable. Inert chemically and unreactive.
‘Tend to sofVdecompose at high

| temperatures.  Low  conductivity, —
nonmagnetic.
ulbe vced { lfa‘ﬂ’}
Pacturing- Chapler 1- 17 @
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Classification of Polymers

Polymers

l ——

Thermoplastics
|

.',_Crysta.llmc

l
Amogghous

Later...Ch:5

Thermosets i.&p ép )J Elastomers

- 0 )
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Thermoplastic (TP) — Polymers that can be shaped when heated and
regain original hardness & strength upon cooling, in other words, a polymer
that becomes pliable or moldable above a specific temperature, and returns
to it's original solid state upon cooling.

~ Have a linear or branched structure.

— Most thermoplastics have a high molecular weight, whose chains
associate through intermolecular forces; this property allows
thermoplastics to be remolded because the intermolecular interactions
spontaneously reform upon cooling.

- Process ic—acle Momifogtaringg is ey in Fhese fined
— Example: Cellulosics, nylons, polyethylenes, polyvinyl chloride.wﬂ‘!{'”"

s

y&
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+ Thermoset (TS) - is polymer material that irreversibly cures.

Have a three-dimensional networked (strong secondary bonds), in_which
there is a high degree of cross-linking between polymer chains.
eslricts the motion of the chains and leads to a rigid material.

— Process igirreversible
— Thermosets cannot be reshaped by heating.
— Example: Epoxy, polyester, urethane, phenolics, silicones

{%Guring is a term in polymer chemistry and process engineering that refers to the toughening ot
hardening ol a polymer matarial by cross-linking of polymer chains, brought about by chamical

. ravioleff radiation, electron beam or heat In rubber, the curing precess is also called @
| vulcanlza
Chapler 1 IQ@ _‘ﬁ’ C’_:jz < W ;‘-D Chapier 1 -
3
/ﬁ

T‘nerhoqu}]c_ % T)ﬂcrinofo#l




r; ber i

' Elastomer (Rubber) —are rubbery polymers that can be stretched easily to
several times their un-stretched length and which rapidly return to their
original dimensions when the applied stress is released.

¢ Elastomers are cross-linked, but have a low cross-link density. The polymer
chains still have some freedom to move, but are prevented from permanently
moving relative to each other by the cross-links.

= Tires, foot wear, gaskets,..

Chapler 1- 21 @
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Composites

«  Combination of more than one material it could be naturally-occurring or
synthetic (man-made).
» Designed to display (incorporate) a combination of the best characteristics
(properties) of each one of the component materials.
+ Example: Fiber glass embedded within a polymeric material.
- Fiber glass: strong and stiff (but also brittle)
- Polymer: ductile , low density (but also weak and ilexible)
» Composite: stiff, strgg, flg)_(_ip_lt_a, and ci_uctiie. 1 ‘,_._ph‘ecff‘% /

ppe(*foﬁj

« Example: Polyte-tra-flouro-ethylene (PTFE) is a composite material of
polymer and melal, used as bearing material.

PT16E
e
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Metats

Poiymen

Caramics
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Global Material Issues
 Challenges
— Non-efficient use of energy resources.

— The reserves of many economical minerals are diminishing. Copper (Cu), lead
e c——
{Pb). Sitver (Ag), Zinc (Zn) and Tin (Sn)...resources could be exhausted in our

— Pollution and global warming {Environmental and Sociological issues).
. Solutions

_ Create designs that utilize matenals in the most effective and efficient manner.

_ Create materials that can be recycled; when the product has reached the end
of its usefud ife.
— Search for other altemnative renewable energy resources.

W‘-B@

Cost and availability

+ Cost and availability are very important factors which affect the
selection and use of materials.

+ For a product to be succeed in the market, it has tc be made at
an acceptable cost (the price that the buyer are willing to pay for
the product or the service).

« The final cost of the finished product is iniluenced by many
factors; including:

— Raw material cost
— Processing cost
— Availability

crnmen-u@



Cost of the raw material Processing cost

+ The cost of the raw material (accounts for about 50% of the « The processing cost ( in general, every process and heat treatment will
: total cost. give added value and increase the cost)
+ The use of cheaper material have a significant effect on the "

" Examples: The cost of alloys will be higher than the cost of unalloyed
final product cost.

] . metals, for example, bronze (Cu-Sn) alloy is more expensive than pure
« The cost of the raw material may change with time (for some copoen e 1 ’ _ s j
‘ a s " a ‘ 2 n £qd~1h Cas umenf _ n £ - —
materials, it is relatively unchanged over fairly long period of 5 s ¥ fr 3 Humen, cuerdl,

time but others are subjected tc{f'ltictuations)_ Bajseel =» equetions « The cost of processed metal products such as sheets, plate, sections,
W

: fo espimet tue opH and forgi ill i :
It is usual to see the cost of raw materials quoted per unit rging will be higher than those of ingot metal.

mass. However, in some occasions, the cost per volume may

be used. e
Pare Ll om ;aﬁ’ﬁ W e ~ SN
. o7 the ) i s
- 4 u,aoé %Mt ,‘,,&,,uwho b f’w’} £ ——— @M o Y, Cost of raw material Processing cost Chapter 1-
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Availability

Example: Material selection for a tennis racquet frame?

i i icati i ies: Hi th, high stiffness, good dampi
« The choice of a material for a particular application can be Required properties: High strength, high stiffness, g ping
4 by its availability characteristics and low weight. o Lackured s \dyer?
influenced by its avalla : ‘
Up to 1970s: t de from laminated wood. (Drawback
2 In th jor growth of railways in the 19% centu s Al il romﬂﬂl—_———‘ ( E
[ Example: n the major 9 m 3 “)W[Ean absorb water which can lead to variatiors in performance and
most railway bridges in Britain were constructed of q

0 also can cause warping the frame).

4
g ‘ ' X
(ironf = W a (_,qrbc"\ "441 t =7 with lJ‘H'{!, Fc’r(.tn'}ﬁ.ése “wﬂi'wuk ' ( | |
« The principle is to use a material close to the source of material w '  In1970s: frame was made from aluminum and steel {In spite of their
I good strength/weight ratio, they have\low damping characteristics].
supply.

Problem weedd o bz solvecl
In 1980s: frame was made from composite construction using glass

or L&u’oon fiberina polye@or@xy resin matrix{ The new

material has a high strength to weight ratiQ and good damping
L N
characteristics.

;,..for\-uﬂ’z" .
pleee e,ler«‘ff‘”' L
P Userng P %mort poderied” we  4es

c“ap'e"'ﬂ@ Chaplor 1 23 @
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Example: Material selection for overhead
electrical transmission wires

Required: high electrical conductivity
Metal candidate: silver, copper, gold and aluminum -
5l)esign concern: metal should have 1@ as < 4l '
impurities cause a reduction in the electrical N,
conductivity

How do we filter/select amon the candidates?

List the advantages and disadvantages for each.

Gold and silver are very expensive for this application.
Copper is relatively more expensive than aluminum
Our choice: aluminum (drawback: very low tensile
sirength; this problem was solved by creating aluminum
wires braided around a steel wire core 1o give strength). Braided wire

Chapler 1 - 29 63")
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Chapter 2: Atomic Structure and Bonding
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Introduction: Why study atomic structure and
bonding? Definitions: Bohr model

. The final properties of any material depends on:
The manner in which the subatomic particles are assembled into Atomic number (Z) : Number of protons in the nucleus (ranges from 1 to 92)
) Atomic mass (A) : Sum of masses of protons and neutrons within the nucleus.

Geometrical atomic arrangements) :
SN, s £ 2 : Isotopes: when number of neutrons is variable in a certain atom for a certain element
_ The way in which various atoms are bonded to one another in the

make-up of bulk materials (Bonding: Interaction that exist between

constituent atoms or molecules). 0 s haf® Otalsecton PR W
Carf‘f"a ined Z_D ,M -~ z-és‘;‘:"" /,,-‘\ \‘\‘\ alom.

@ . ; ! ’ gy QN B AR I / P> o o \ -An attempt to describe the electrons in atoms
L N L Ag 2 y*‘, e -“ ' { 6-'5; Lo . - Electrons is assumed to revolve around the nucleus

In discrete orbitals.

."_.: " \ \ 7\‘ s £
3 & @ i N . A/
- } o™ Crys fedin e L T T
hex .c.rrg,il'ahaaf . \\‘_ i the Bohr model represents an early attempt to
Why polymers are electrical insulators and metal electrical conduclors? e describe electrons in atoms, in terms of both
. positio.n (electron orbitals) and energy
. fl,p d‘ escr ouEs 8 'ﬂf/ s -,Lq C_I,...fc Chaplar2- 2 e }ia b/ H"ﬁ‘ (quantized energy levels).
] iﬂ f)’h&
due to A fuctirenn pefhoe ponles
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initions: Quantum mechanical princi B _
Definitions: Q e ple Definitions: Wave mechanical model

(] e o e e e e e
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Energy {J)

first three electron
energy states lor the
Bohr hydrogen aiom,
(h) Flectron energy
states for the first
thiee shelk of the
wave-mechameal
hydrogen atom.
(Adapted tfrom W. G
Moffatl, G. W
Pearsall. and L Wulll
The Stracture wid
Properties of
Maicrials, Yol. 1,
Strucarre, p. 10.
Copyright © 1964 by
John Wilcy & Sons,
New York. Reprintedt
by permission of John
Wiley & Sons, Inc)

- The energy of the electrons is quantized

- Electron energy value may changed according to (absorption or

emission of energy)

At zero energy, this is related to the unbound electron or free electron.

I e e e e S i, 0 Figure 22 (g) The
=q first three clectron
s ne3 3 . — energy stales for the
s Bobr hydropen atom.
; (D) Elzctron encrgy
,{d_;} — wa? ‘:: * we— states for the it
i three shells ol the
wave-mechanical

e/ms-'r%"}
uni ¢

hvdrogen aton..
(Adspied from W G
Moffail. G. W.
Pearsall. and J. Wulll,
The Stracture and
Wave mechanical Propernies of
we Materials, Vol. 1,
Srructure. p 10
Copyright © 1964 by
| Joha Wiley & Soms,
—-2 I1og™ New Yark. Repncted
\_?__ a-1 e by permission of John
1

s

Enegy 1))

Wikev & Sons, Inc )

- In this model electron is considered to have both wave like

and particle like characteristics

- Probability of the electron being in an orbital around the nucleus
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Definitions: Bohr vs mechanical wave

Figure 23 Comparsaon ol
the (a) Bohr and (h) watve-
mechanical atom models

in terms of eledtron
distribution. (Adapted from
7- 1) hastrrebki, The
Natwre and Properies of

| Engincering Matenals. 3rd
edition. p. - Copynght ©
1987 by John Wiley & Sons,
New York. Reprinied by
permission of John Wiley &
Son. Inc)

L —

v sl W
| 7 | Wi
! | b
Dot e | @ Nugkas |
. 1 .JI
W il s
el

Energy

Quantum numbers:

Table 2.1 The Number of Available Electron States in Some of the Electron

| P |
fe g
[—d—{—
A P—
P

| 1 1 | |

2 3 4 5 E
Proncipel quantoo nuvbes, 4 —a

Shells and Subshells e LT D
Principal Number of Electrons
(Juanium Shell Number aber of -
Number n Devigaarion Nubshells of States  Per Subshetl Her Shelt
1 K 0] 1 2 2
4 ! z 8
2 L r 3 b
i 1 %
3 M » 3 o 18
d s 10
3 1 2
3 » 3 &
4 N d 5 10 32
s 7 14

Figuee 24 Schematic
representation of the relative
encres of the electrons for the
various shelln andd subshells (Irom
K. M. Ralls, T. H. Courtney, and
LW, Introducton o Matrnals
Scicnce and Engineering. p.22.
Copyright © 1976 by John Wiley &
Song, New York. Repnnted by
permession of John Wiley & Sons,
Inc)

- Shells are specified by a principal quantum numbern

- The number of energy states for each subshell is
determined by the third quantum number, m,

- Associated with each electron is @ spin moment, which
must be oriented either up or down. Related to this
spin moment is the fourth quantum number, m,
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pauli exclusion principle

s, p,d andf subshells may each accommodate ,respectively, a total of

2,6,10,and 14 electrons

—

—_—————

_— — — 3

T —— s

e B ——a— [}

——n= D5

INCraasing anergy

e o e e o s an

Figure 2.5 Schematic representation of the
filled and lowest unfilled energy states for a
sodium atom.

The valence electrons are those that occupy the outermost shell. These
electrons are extremely important;, they participate in the bonding

between atoms to form atomic and molecular aggregates.

o Gowl

—_—

s
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* Most elements: |Electron configuration/ not stable.

Survey of elements

edee K1

Element  Alomic #  Electron configuration ¥ihen you siarl “THing the orbtals wit:

Hydrogen 1 is7 fé—:'J s s Aoy a8

Helium 2 152 (stable highast energy.

Lithium 3 152051 :’hoﬂfdmnllmtmnummn

Beryilium 4 152252 el '

Boron 5 1s2fs22p ) g ) 22

Carbon 6 15225 292 ;)o\‘f' ?\“"’J i

Neon 10 1322322;)'5 (stable, 75

Sodium 11 1522522p63s! and cut Ws aay i dagonw. 1 will provde

sgpeskiy | 12 | TwasepRae ol s e

Aiuminufn 13 1522522p63523p 1 152 2D 38 3p 453 4D 55 40 5p 65 4 50 6D
sl —p tue corres? schmede

Argon 18 1522522p83523p5 (stable, 4o .pwt the &5

Krypton 36 [1522522p63523p63d 10452405 | (stable) | , depends &0

« Why? Valence (outer) shell usually not filled completely.+ ke ered-

Adapted rom Table 2.2, Calister 7a. Chapter2- 3

RIS

=

[15'252p%35" 3P s "I Pt |
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Electron Configurations Electronegativity

~« Valence electrons — those in unfilled shells Clechvarpagitivia

"« Filled shells more stable * Electronegativity is chemical property that

"« Valence electrons are most available for e s

| . : escribe the ability of atoms of the element 1o
bonding and tend to control the chemical — m "

. properties. aftract electrons of atoms of another element.

Example‘ 5 (atomic number = 6) Electropositive elements, indicating that they are capable of giving up their few

' : valence electrons to become positively charged ions.

| 182 (252202

% _,..__._‘._._-l

eleetr ntgi"'n‘v’;bl @’ j’; ’3__, .{')\

| valence electrons _| Electronegativity is affected by both its_atomic number and the

: 1 2 distance that its valance eleclrons reside from the charged nucleus.

E < | ® ®
i i Chaptor 2- 5

: 2 8(246) e
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! 23 \) £
| The Periodic Table
. . Columns: Similar Valence Structure Electronegatiwty
i %) y 3
! © ® » Ranges from 0.7 (francium) to 4.0 fluorine
i © : p : :
; aq L » Large values: tendency to acquire (gain) electrons.
é © o - T 1A c
I = = Q @ H "He
! 500 & L 8 = 2) | WA A WA VA VIA AL -
I Tk T o e L | Be] rcfwntof f;
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i ! _ . ) : - . v wvia v | Hol Na {Mg! i M P ; é" 1 ’Ar
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CsiBainhi Hf | Ta " Csiir Pt As Hg| Tl |Pb| Bt PolAljRn (| 09 h1a
B B A ol VM6 W el e 9 D119
Friii o= Rf|Ob{Sg | Bn. HsimM Ds ( ;

Smaller electronegativity Larger electronegativily

lectronegative elemants.
Readily acquire electrons
o become - ions.

Electropositive elements:
Readily give up electrons

10 become + ions. Bond, 3rd edition, Copyrigh! 1939 and 1940, 3rd edition. Copynght 1960 by Cornell University.

@ Adapled from Fig. 2.7, Calfister 7e. (Fig. 2.7 s adapled lrom Linus Pauting, The Nature of the Ghemical
r2- 6 Chapter 2- 7 @




Chemical Bonding

« Interatomic / Primary Bonding
— lonic Bonding
— Covalent Bonding
—Metallic Bonding o, | paicl  Pores
« Intermolecular / Secondary Bonding
— Hydrogen Bonds Z all the 5 econding \?Ou“mg}
—Van der Waal's ovt Vorder waauls

Primary bonds are strong; Secondary bonds are weak

Ghapler2- 8 @

lonic Bonding
Occurs between @andﬁ""‘ e
- "q‘l)" '

Requires [electron transfer) t/‘*

|

Large difference in electronega nnty required.
Predominant bondmg in Ceramics

L

lon (cation and anion)

lon: a charged particle, the net charge may be positive
or negative depending on whether or not electrons

are lost or gained. -
)* Cation: positive ion ¥ } regayel in cerd Pt B2

X Anion: negative ion ¥,
om (6w lc- ba—uap

b | erami'cs ’ J
il
/C(‘EJ“J "+ e - Chapler2- &

Mo st fbfww Fa
e bonaﬁl&%-




lonicbond = metal + nonmetal

donates accepts
electrons electrons

Dissimilar electronegativities (Mg:1.2; 0:3.5)

exMg0 Mg 122822p53s)) O 1s22s2 2p
5

9 1 2 3 1 2
. . K L M K L
s 4 2(2) a@)  18(2) 22  8(@)
£ Mg2+ 152 252 28 02 152282 2p8
PDMW? 1 2
1 2 K L
i LB 22)  8(8)
- - Chapler2 - 10

@)

lonic bond =

Coulombic bonding forca

u 26\

¥ ol ¥icletdpbtPE i

),'»7\ pael =

Figure 2.9 Schematic representation of ionic

Na

1522.722:136351

3

Mar

1§25 2f®

bonding in sodium chloride (NaCT).

™
e

\\
\\N“ 4 ﬁ"‘*f

\\-\/-’/
Na cr

\
JIL/QMQ,)M%?’

cl

15°25%2p°35°3p°
=

2,00

125"

55% 3P°




{ won-peles |
Covalent Bondlng Types
C‘—‘L’l ¢ 9: \ Vg 5
ingle covalent bond (only one shared pair of electrons), i.e

, el e o

ﬂult:ple (more than one pair of electrons shared between the

ttoms) = %ya Csvﬂw%bom&fﬁ i -—c_, H

Jouble: (two pair of electrons shared between the atoms) Le.

Dy G5t O
riple: (three pair of electrons shared between the atoms), i.e
S H, H-C=C-H

Chapler 2 - 12 @

5|
Ol 2s'ast zP"@

Covalent Bonding - Concept

How do we achieve the stable arrangement of
electrons in this type of bonding? Electron sharing
Example 1: 2C| — Cl,, Z, = 17 this bond can be
designated by (CI:Cl or CI-Cl)*

The bond is achieved by sharing a pair of electrons,
ie" from each enter a joint orbit around both nuclei
(single covalent bond).

Example 2: 0,, Z, = 8, 1522522p4

Each O atom need 2e- to reach the steady state

2 pair of electrons are shared between the two

adjacent atoms (double covalent bond)

Pair of dots or hyphen represents a pair of electrons shared
between adjacent atom (one covalent bond)

%
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Figure 210 Schematic representation of
covalent bonding in a molecule of methane

(CH.)

C ovelent
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Zilp Ml ogye 8=

— == P . .
ahei_ Sheptop
»1, 5> The Metallic Bond — . >tesl =~

ol s\ e

* In metals, number of valence electrons in each atom is small (1, 2,
or 3). Therefore, it is not possible to fully satisfy the stability
conditien as in the ionic or covalent bonds.

* The outer shell electrons, at certain points in their orbits, are
attracted as much by one nucleus as by another

* The valence electrons follow a complex paths around many nuclei
(electron clouds)

> Valence electrons are shared by all atoms in the assembly

+ Valence electron are extremely mobile, which give the rise to the

good electrical and thermal conductivities.




The Metallic Bond

In the metaliic bonding these electrons (valance electrons) are not bound to any i 9;1 @\) ydrogen bonc‘- E

ticular atom in the solid, and they are free 1o move through the entire metal?

™
N
W
v

ezl ?lon core: the remaining nen valence
4 | electrons and atomic nuclei. The net
| { positive charge of the ion cores equal
'i ¥ in magnitude to the total valence

|

|

J eleclr charge per atom.

o
T T
Al mw‘f T e

c;haplcz'z-ﬁ@ ’ R

er
na?”
gty o
o
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A o
M
L bo Secondary Bonds ., . .Is
+ ‘t: - oo

hind of Von Ao

lectronegative atom is covalently
bonded to hydrogen which is also bonded to another

elecironegative atom, Example: H,O.
1.

._1\)

- Sl {Van der Waal's: Many molecular compounds are
,-Jyd_,.o
ag’ 7

polarized to some extent, there is a weak elactrostatic

attractive force between the molecular dipole. Examples:
clay minerals ard graphite,

bz TR L
Von der &= S\Y 2 st ?fJ

Wqﬂljf}




Secondary Bonds
&

1) The H,0 molacule is polar, the 2 hydrogen ends g, @

2) There is a strong force of attraction between the oo i DTy pyio;

being (+ve) relative o the non bonding orbitals

f the oxygen atom (-ve) .
PIORE | By (o
the hydrogen and the (-ve) ends of adjacent gl 02

Van Ger Waal's 0.002-0.1
nolecule

The hydrogen bond dces not only occur in water

lovicvond/Nasi €5

Plarsc and molccu'ar banding eneray
and Ice, but in a number of polymearic materiais too.

Examples of polymeric matenals thal have hydtogen bond: (1) bonds between
i i 1 lcohois.
polyamide (nylon) molecule. (2) bonds in cellulose and polyvinyl aicohois. s @

Secondary Bonds

Arises from interaction between dipoles
* Fluctuating dipoles

asymmetnc electron Ex: iiquid H2

clouds H2? 3+ < Hz

- .. (0

~ secondary secondary
bonding

tonding
» Permanent dipoles-molecuie inducea

Y T

4 - secondary r*f A

General case: @-} beridiria 4—\‘)\/ )
i secondary

-Ex: liquid HCI Cl bondins (—@

Agapted lrom Fig. 2.13, Cafiisler 7e. Adapled from Fig. 2.14. Cailster 7e.

Chapler2 - 17 @




Hydrogen bond: Electronegative atom s covalently
bonded to hydrogen which is also bonded to another
electronegative atom, Example: H,0.

van der Waal's: Many molecular compounds are
polarized to some extent, there is a weak electrostatic
attractive force between the molecular dipole. Examples:

clay minerals and graphite,

Secondary Bonds il

i) Brorad -a-%;{,!)‘@;)a,;)d, oM

— e #
,,;w@muufTCafaf‘ o) e
- _ «.(l“’i‘d)‘l-."1 l/)J,"‘.‘_"f
» ® _
o

PROPERTIES FROM BONDING:

TM
* Bond length, r + Melting Tempemature, Tm
T
P Eneray () o st

«Energy (¢ 1we
(_.—5"- }Mw,‘ ¢ W!
]_lmtmtcrpdsengm

oI TR

- rx oottt
‘ A(LJUJBL{LQL’ ~ s larger if E- is larger,

Dd)h”( o \AprMUﬁ%{K***%k‘*



PROPERTIES FROM BONDING: E

« Elastic modulus, E

Elastic modulus
PN
L-E=
5, Lo

« E~curvature at ro
Energy
] unstyetched lenath
>*r

smaller Elastic Modulus

larger Elastic Modulus

E is larger if Eo is larger.

PROPERTIES FROM BONDING:

« Coefficient of thermal expansion, o

o Is larger if Ec is smaller.




SUMMARY: PRIMARY BONDS

Ceramics Large bond energy
. large Tm
(fonic & covalent bonding). large E
small o.

Pl

Metals Variable bond energy&
moderate T
(Metallic bonding): moqaerate E
mocerate o

Directiona! Properties

Polymers Secondary bonding dominates
(Covalent & Secondary): small T
f\‘.cbr,d \ small E

large o
S,




Chapter 3: Crystalline Structure

Introduction
Issues To Address...

* How do atoms assemble into solid structures?

* Know the difference between crystalline and amorphous solids.

=S
* Know the name and definitions of the(seven crystal system. |

» How does material properties vary with the its crystal structure?

—

* Understand Miller notations and be able to derive the Miller indices |
for planes and directions within crystal unit cells. A pleme ) e rla, T 3
* Understand the concept of the unit cell and be able to sketch the unit - |

cells of the body centered cubic, and face centered cubic. o Jer Y
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v 7 Introduction

Why study crystal structure?

* Crystalline structure: The constituent atoms or ions are

N it L 3
arranged in regular, repetitive and symmetrical array.
= o cw{(’ 21—
* Many solid materials are crystalline in nature | oy staile ~.

: £ rj;-’-«-'ﬁ't,‘--— >
* The properties of a material are determined by the type of the

Pl - T i S rystal structure. This is particularly true for metals.
_constituent aloms or molecules of the substance after
 solidification.

Chemical
Electrical
.~ Does they form ajregular patternf Thermal
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Solidific }lon of a molten metal ' 2
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s
@ il vy S Solidification of molten metal s 2 e
371.-\ da‘ec’)\.}\ L 5,57-4_)\ aﬁ.’-k\w__u q—_’y‘\“&’

ang > [Top
BOMSAcation s compiete, ﬁ‘;“,“f.. <M|~u——l—

e i

Grain

| __Boundry
J”&;‘ﬁ'“""d-scz:..;_ s ;j:',;;,-mb-f)‘ j Ve u“’"’)
:»——-‘_,054 grain bomd:gF ! hﬁﬂ‘h 21
T v
Y (o Timpationd :

{J)} i(ﬂ\)m,\,n\v‘;p‘

L—— Solid and liquid /,_\ f-(._p__,\s’bﬂf’ o
o=t + The atoms pack together in an orderly and repetitive
graim o b e manner.

rod—~
et « At the boundaries between the grains, the regular
pattern breaks down, as the pattern changes from the
— orderly pattern of one grain to that of the next.
Stages of metal solidification and formation of polycrystalline material 5
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Polycrystalline material Crystalline structure

» Crystalline structure:
The constituent atoms or ions are arranged in, ang
e

array. The regularity of the striicture may be term

002 as fong range order, or short range order.
%EH » Long range order: cg fofy 1 ~~ 2=~
Q The same symmetrical pattern of atoms or ions exist over large

RO Q . !
9%¢ ‘ﬁ" distances within the material. }'
g

f erydtal1 5.0 e GSShort range ?rderr cvpred 2 oy
% ol : ™\ rain boundary R —Repetition is only over a range 10-20 atoms.
S e . q " te= -2=, ~~ | ocal groups of atoms or ions may be in a symmetrical pattern.
Cilays Foce s¢il 57 _The relationship between these local groups may not be

B morphes feur (howsy® ovf""regular.

e | T ——

olycrystalline : many crystallites of varying size and

Most inorganic solids are polycrystalline, including all common metals
- - ] S
d many ceramics. 4 Ty ’

e ———

’a‘}
\



Amorphous structure

. orphols, meaning literally without form, is the term used to

toscribe 00D C stalline_structures, even they may have a short

.: nge order (Short range order is found in many inorganic glasses).
13 f
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- Crystalline structures  Short range order ~ Non crystalline structures
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Structure of solid materials

Metals and ceramics are crystalline solids.

In many polycrystalline ceramics there is a frequently a glassy
phase in the space between crystal grains.

Many polymer materials show a greater or lesser degree of
crystallinity but others are amorphous.

Inorganic glasses havstrucmre, even though they

have the same composition as ceramics.

10



Solidification and crystallization

Once the material is allowed to cool slowly from the liquid state |,
,_'le cooling curve (Temp. Vs Time) obtained can be:

Continuous cooling curve: (glassy material)

« No definite solidification temperature.

Discontinuous cooling curve: (crystalline material)

. « Definite unique solidification temperature for pure metal.

« Solidification occurs over a range of temperatures for alloys.

T1=T2

dart o¥ N
‘:saaig“aﬂ-{"“

————————t

\':_ “e !
A VRN
ﬁ Tormporatura ———=

e withe each other

Cooling curve for a glassy material

o e

As the temperature falls upon cooling:

— A steady decrease in the kinetic energy
of the atoms or molecules that make up
the liquid.

— A steady increase in the viscosity of
the fluid.

— The atoms or molecules present still have
the same type of random arrangement
that existed in the true fluid state.

Temperature ———>

Liquid

Conbrucus coolmg curve

Appasently ol

[

Time =—>

What are the changes occur in material during cooling?

True fluid Viscous fluid

Apparent solid

(Amorphous solids or glasses)|
12
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boo|i“9 curve for a pure crystalline material

ire temperature falls upon cooling:

a delni freezin or

mperature
At the freezing temperature: ‘ Bquid
. _ The atoms cease their random | )
. movement. ‘ ] e ey
‘shck together) in b
time

- _ They tend tO
relatively fixed positions in a regular

ke tern.
The atomic motion does not cease

abruptly upon solidification. < Sl
. The atoms or molecules in a crystalline Cooling curve for pure waler
 structure vibrate jtions, ¥ ¥4

|

HIn crystalline material, atoms or molecules are arranged in a definite

symmetrical pattern. -

Cooling curve of a crystalline material (alloy)

As the temperature falls upon cooling:

1) There is no specific freezing
femperature.

2) Material freeze or solidify
upon a range of temperatures.

Tempersiurg

IJ’EEZI 5 FaGE

3) The rfasultaql structure is ,.u;i.a Jlion po:né—
crystalline solid. _ o 7 il T wh

4) The same mechanism of pure 4
solid solidification applies. TIWE @)

Cooling curve for an alioy

In crystalline material, atoms or molecules are arranged in a definite

symmetrical pattern. i




o
Latent heat L

s

the liquid solidify, the material changes from a high energy Crystalli }
3 . < Atoms pack in periodic, 3D array%
£ etate (random motion of atoms or molecules) to a much lower + Typical of —@-metals

(3 -some polymers

Latent heat is the difference between the high energy state : ,

! Noncrystalline materials...

" and the low energy state, it is the energy emitted from the <Afoms have no periodic packing )
- i + Occurs for:‘ 4 -complex structures
material at the freezing temperature. apid cooling

mncra S*wﬁ;_\c Mﬂ-h\"}"k

15

)
G~-many ceramics 4272

de N>

Materials and|Packing ]

crystalline SiO2

noncrystalline SiO-

*Si * Oxygen

Silicon dioxide

Adaptod from Fig. 3.22(a). Caliister 7e. Adapted rom Fig. 3.221b), Caflister 7. 16
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Symmetrical structure Plane of symmetry and axis of symmetry

s shape is said to be symmetrical if it posses one or more - Plane of symmetry:

- A shape is said to be symmetrical about a plane if the
elements of symmetry. plane divides the shape into either two identical
ments of symmetry: planes, axes of symmetry. halves, or into two halves that are mirror images of
. Some of the ele y ry y Ty one another.
. The degree of symmetlry in a shape depends on the number of * Axis of symmetry:
- nts that exist in that shape. — It the shape can be rotated about an axis so that the
symmemcal eleme o= shape occupies the same relative position in space ' =n® of symmelry
A shape of low symmetry may has only one plane of symmetry. more than once in a complete revolution then such an »
2 axis is termed an axis of symmetry. A v !
A highly symmetrical shape, such as the cube, will contain — The line in a plane divides the figure into two such SRS o |
parts that one part, when folded over along the axis, | |
several planes and axes of symmetry.

shall coincide with the other part.

l ."'**7.('\‘\’ \i-'v-'— = = 1 :
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Space lattice and unit cel|

P
1

Crystal Systems

Unit cell: smallest repetitive volume which contains the complete

D : g -
- T e d VLS lattice pattern of a crystal. The unit cell geometry is completely
X
o ] 1L | il
w‘:a'c,bu 4 '/ H s ; Y“

defined in term of six parameters (Lattice Parameters): three edge
lengths, and three inter-axial angles.
Lr e 0
E;Q !é'!“l!t-lion of dimensions ’f
A of a unit cell

S\ §2

- S S
lest building block of atoms that are arranged

' mree:-dimensional space (unit cell describes the spatial
" arrangement of atoms).

. When the unit cell is repeated in different directions, it will form
' what s called crystal lattice or space lattice.

Representation of space
ialtice and unit cell

a, b, and c are the lattice constants

7 crystal systems
. Crystal lattice or space lattice is a regular arrangement of the
I m‘tfgrﬁcles of a crystal in a three dimensional space.

19

Fig. 3.4, Callister 7e.
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Crystal systems

E

There
; (1) Triclinic

" (2) Monoclinic

(3) Rhombohedral
(4) Hexagonal

i (5) Orthohombic
(6) Tetragonal

(7) Cubic

E are seven crysta systems. These are:
SEVEL 2

r
Vap £
— e ————
e
A.r!al eomerry
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asia Crystallographic planes and directions
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A planes in crystals.
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Point Coordinates

Point coordinates for unit cell
corner are (111)

7“‘”’"’“}’@ " Point coordinates for unit cell
i center are:

Wy a2, bi2, cl2 (/e

Trnsizlion. integer multiple of lattice constants - identical position in anather unit cell
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z Point Coordinates
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Give the coordinate for the

noted atoms 1,2,3,4,5,6and7
ol sl

within the unit cell (for this
Mo Comas unitcella=b =c =1 unit).
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General Rules for Lattice Directions .

Planes & Miller Indices Crystallographic Directions
mdices used {0 eXpress lattice planes and directions % i im Algonthm
, Millet bitraril q T 4“1, Vector repositioned (if necessary) to pass
(v 2ar the axes (on aroitranly positione origin) : : siroua oI
; 2y 1 latuce parameters (h:’”{{fh 0] umt cell a.ong a \Ide] 12 ' ' 2. Read off projections in terms of
Ri B et 4 unit cell dimensions a, b, and ¢
bk dare the Miller indices for planes and directions - T b y 3.Adjustto smallest integer values
oressed @ planes: (hkl) and directions: [hkl) 4. Enclose in square brackets,
esp ¥ no commas [uvw ]
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_ There are NO COMMAS berween numbers ex:1,0,% => 2,0,1 => [201]

_ Negative values are expressed * Crystallographic direction: -1,1,1 => [111] where over-bar represents a
with a bar over the number -{123] hegative index
» Example: -2 1s expressed 2 - {100) Famil e
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crystallographic direction, fuvw]

mw{ 1

End:O,OsO
st =01 (0-0),(0-1)

End—slarl =-1,0,-1

Yegtor 2:

Sart:0,1,0

End0,0,1 &
End -start = (0-0), (0 = 1), (1 -0)
Endstart =0, -1, 1
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mily of crystallographic directions <uvw>
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Crystallographic directions
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Families of directions

, pquvalence of directions - ech0"

(mm:\‘b 03 o
s
[101]=[110] [101] = [110]
!cubic} 7 tetragonal
Q:p=-c .)’!-)\,4',’ Uﬁn};y"};f
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- 321, [231). 321 Arews 2!
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i the cubic system directions having the same indices
regardless of order or sign are equivalent.

Crystallographic direction, [uvw]

Example:  (a,b,c) ..... [hKI]




k<t

Crystallographic Planes Crystallographic Planes

‘M ndices: Reciprocals of the (three) axial intercepts for ¢

e eared of fractions & common multiples. Examle: a b c
| i;lpaﬁmel planes have same Miller indices. ; ;‘;i::‘:::;ls 11“ 1‘” -

.. 147 4550 - =
™ thm ¥ 3. Reductlon 1 1 0 & b
1 ey 4. Miller Indices  (110)

read off intercepts of plane with % S
" esinterms of &, b, ¢ ’1 _Exan;ple: z; b ¢

, Take reciprocals of intercepts B “ F':‘ei’ic‘:g;; : 11[5 1‘; 1";

+ coduce to smallest integer values B e g e, e

Enclose in parentheses, nO 5 T o - 3. Reduction 2 0 0

commas i.e., (/) x _@ 4. Miller Indices ~ (200)
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~ Miller Indices  (634)
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Crystallographic planes Crvstalloaraphic planes

Crystallographic Planes: Miller Indices (hki) Planes and their negatives are

zt  (o19) equivalent
z
k
% ¥
x x (Glf}] %:_;’“’*‘}:{”
T3y Yy
J x Family of Planes {hk/}
Ex: {100} = (100), (010), (001), (100), (010), (001)
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Crystallographic planes

A —— | In the cubic lattice, (100) is equivalent to five
- | | otherplanes, (010), (001), (100), (010), (001)

Equivalent plans

Equivalent plans

Crystallographic Planes

138 Pane refwrenced 1o T
: sowgr it poree O
:

r (01} Plane referenced to
A the origin at point

N

> Dther aquivalant
{001) planes

(a)

Adaplod from Fig. 3.9, Cafiister 7a.
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Miller indices for planes

) orystallographic plane

(ki £amily of crystallographic planes { j
e.g. (hkl), (Ihk), (hlk).....etc

. |n the cubic system planes having the same indices
regardiess of order or sign are equivalent.

(0o1) (100) S

(hkl) (IhK) (hiK)...etc.
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How to draw a lattice plane

Just as you do when indexing
a plane, it is necessary to
choose the correct point of
reference from which to work.

Taking the conventional ongin
at the far bottom left of the unit,
we can then move along to the
next lattice point in the

X, y, or z directions. X




|f you have a negative h index,
move the paint of reference
slong the x-axis to the other
sige of the unit cell, so that you
can then go back in the
negative x direction

1o find your intercept. Do the
qame for negative k and |
indices.
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To draw the {122} plane, g0 hack
¢ -» on the x-axes

%o along o b/l on the y-axts,

and go up to ¢/ 2 on the 2-a08
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i can join these points 1@
e trace of the plare an
the untt cell surface, and

pren fill the piane.

M Crystal Structures

- How can we stack metal atoms to minimize empty space?
+ Two possible packing arrangement for spheres in a plane:
2-dimensions

This iSThe closest possible packing for uniform spheres

Now stack these 2-D layers to make 3-D structures
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Metallic Crystal Structures

0 be densely packed.

s for dense packing: ST
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Body Centered Cubic

Structure (BCC)

s touch each other along cube diagonals.

, Mo .
l\a. Al atoms are i

o yiewing.

dentical; the center alom is shaded differently only for

[ (Ta) Tantalum, (Mo) Molybdenum

o O (chromium), W (Tungsten)/Fe (o)

Sy Ay - alic o{-mc\'llm
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(S

2 atoms/unit cell: 1 center + 8 corm Welame
————

{Courtesy P M. Anderson)

» Coordination#=8

Adapled from Fig. 3.2, Callister 7e. 51

(Courlesy P-M. Anderson)| Adapied from Fig. 3 1, Calister 7e ~Eoordination #= 12l X o
T

Face Centered Cubic Structure (FCC)

» Atoms touch each other along face diagonals.

--Note: All atoms are identical; the face-centered atoms are shaded
differently only for ease of viewing.

ex: Al (Aluminium), Cu (Copper), Au (Gold), Pb {Lead), Ni (Nickel},
Pt (Platinum), Ag (Silver)

1 C
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A, (Atomic Packing Factor (APF) _y
o

Crystal structure
4 the number of the atoms are co ' ithi . S
T ook i . L {';,V‘”’J D C APE Volume of atoms in unit cell s
e 3.Dimensional untt cell, the following rules are ,, 8 Volume of unit cell — r-_":)‘
. 0(& Lo - U‘“'
spliec: i-,.gl‘ *assume hard spheres 5 kb
_ Eight unit cells meet at the corner of a unit cell . APF for a simple cubic structure = 0.52 VOIIMiE
_ Each face of the unit cell is common between 2 ‘ atoms . §53 e , 2
‘ _f_ unitcell 4 —m(0.5a)"
cells 3
. a APF - -
_ Tha corner atom will be shared between 8 unit _L R=0.5a a® . _volume
cells that meet at that point i ”{au_nl unit celi
K . ) ) close-packed directions 1 *(5 D) i
The atom positioned in the cell face will be contains 8 x 1/8 = 1 APF = ———= J L%x%;‘;
shared between 2 cells. 1 atom/unit cell ¥ ’
i , : APF ===052
Adapled from Fig. 323, Callsler 7e. 6 4
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Atomic Packing Factor: BCC

o Volume of atoms in unit cell* Atomic Packing Factor: BCC
N Volume of unit cell
*assume hard spheres \
, Tofind volume of an atom, we need to find r = f(a); where — C
(. alom radis, & lattice constant i T
B B 2“-‘ 2a N
J3 v AL X et
[ O IA O a
v Triangle OAB Triangle ABC
\—/ % A ABY = OA2 + OB? BC* = AB*+AC’
2 AB'=a’+a’ BC:=(\EG)‘ +a’
Close-packed directions: AR? =24 BC’ =2a’+a’ =3d’
Length=4R=(3 a AB =24 BC=+3a
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Atomic Packing Factor: BCC

¢ for a body-centered cubic structure = 0.68

Atomic Packing Factor: BGC

Volume of atoms in unit cell”
Volume of unit cell

* APF =

*assume hard spheres

: 2 ;—ZF : ) I
: APE "= b r= —-a
B a’ ’ 4
. s Close-packed directions: 4 3 ) )
R o length =4R =3 a - 3_”[ 2 21 |
i APF = - R I 8
atoms a
s il 4 volume
mitcell &2 —m(Bald) ¥ apF =23, 3434’
APF = Beai g OA
3 volume APF = a3
8

Unlt Cel| Adapled from 57
Fig. 3.2(a), Callsier 7a. \ APF = 0.68 58




Atornic Packing Factor: FCC

The atoms touch one another
across a face-diagenal, the
length of this is 4R

a’ +a* =(4R)?
2a°* =16R?
d= 2J§R

Volume of the unii ceil V.=a'= (zﬁ R}‘ =16-2R

Kephad from Fg. 5.1(a), Calsler 7.
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Atomic Packing Factor: FCC
+ APF for a face-centered cubic structure =

maximum achievable APF

Close-packed directions:
length = 4R =2 &

Unit cell contains:
6xi1/2+8x1i/3
= 4 atoms/unii cail

OIS z voiume
unitcell ™4 — x ([2a/4)3 +————
ol 23 volume
— unit cell

Adaplod from Fig. 3.1(a), Calisier 76, &0




{xagonal Closed Packed (HCP)

fwo lattice parameters: a and c.
gpresenting the basal and height
prmeters respectively.

, The ideal c/a ratio is 1.633.

, Number of atoms per unit cell
(N) = 6 aloms.

, Atomic packing factor is 0.74

, Coordination number (CN) = 12,

N =# corner atoms +# ceniral atoms +# face cenler atoms

N =2(s:%]+3x1 +;(2; 12}

\
N =6atoms / unit cell
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Hexagonal Closed Packed (HCP)

Table 3.4 Selected Metals That Have the HCP Crystal Stiucture at Roomn Temperatize
{20-C) and Their Lattice Constants, Atomic Rads, and c/a Ratios

Laltice constapts (nim)

Atlomic L tlcddll.m
show how to calculate the APF for the HCP? Metal a ¢ radius R (nm)  c/avatio  from ideslity
Cadmium 0.2973 0.561% 0.149 1.490 +135.7

Zinc 0.2665 0.4947 0.123 1.856 +13.6
[“ideal HCP 1.633 0 )
Magnesium 0.3209 0.5209 0.160 15623 —0.6b
Cobalt 02507 0.4069 0.125 1.623 —0.66
Zirconium 0.3231 0.5148 0.160 1.593 —245
Titanie 0.2930 0.4683 0.147 1.387 —28!

BeryHium

02286 0.3584 0.113
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uf Ko ot v >

1.568 =398
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Crystal structure

Atomic Radil and Crystal Structures for 16 Metals

Atomic Aroric

Crystal Radins® Crystal Radius

Spruciurd’ (nm) Meral Struciure (i)
4 FOC 01431 | Molybdenum BCC 0.1363
g HCP 0.149%C Nickel FCC 0,1246
e BCC 01249 | Platinum FCC 0.1387
T 01253 W Sitver FCC 01445
- FCC 0.1278 Tantatur BCC 0.1430
(e FCC 01442 Tiamum (a) HCP (0.1445
ﬁ{u] BCC 0.124Y Tungsien RCC 0.1371
¥ FOC 01750 Zisc HCP 0.1332

| = facecentered cubic, HCP = hexagonal ciose-packed. BCC = hady-cemiered cubic.

|y onister {nm) equals 107* m: 10 convert fjom nanometers (@ angstiom units (A),
| i the panometer value by 10.
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Crystal structure

Sipl ,
SC

Body centered 2 8 0.68 :
cubiz, BCC

(7Y
: Ni. =P
ace centered 4 12 074 ABCABC 4
ubic , FCC -
\[ 7 A ) p.
= P L~ S e O ey ot IR _-__,_a__.~— _'.
Hex. closed 6 12 074  ABAB.. 4 |

packed , HCP

“The 3-D build up of the crystal is formed by stacking ‘ H
a series of the (110) — the most dense packed plane
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