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Atomic structure

Short-range order

> Periodic order
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Crystal structure | _
14 Bravais Lattice

& I .

IL ./_ '... °

Simple cubic Body-centered Face-centered Simple Body-centered
cubic (bec) cubic fee) tetragonal tetragonal
.
[
.

&

Simple Body-centered Base-centered Face-centered Rhombohedral
orthorhombic orthorhombic orthorhombic orthorhombic

Hexagonal Simple Base-centered Triclinic
monoclinic monoclinic

« Only 14 different types of unit cells are required to describe all lattices
using symmetry

« simple (1), body-centered (2), base-centered (2) face-centered
(4 atoms/unit cell)



What is microstructure?

Microstructure originally meant the structure inside a material
that could be observed with the aid of a microscope.

In contrast to the crystals that make up materials, which can be
approximated as collections of atoms in specific packing
arrangements (crystal structure), microstructure is the collection
of defects in the materials.

What defects are we interested in?
Interfaces (both grain boundaries and interphase boundaries),
which are planar defects,
Dislocations (and other line defects), and
Point defects (such as interstititals and vacancies as well as
solute atoms in solution)
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Important!!!

Understanding and Controlling
Phase Transformation of Materials




Phase Transformation
« Solidification: Liquid == Solid

* Phase transformation in Solids

1) Diffusion-controlled phase transformation ;

Generally long-distance atomic migration

- Precipitation transformation

- Eutectoid transformation ( S m=) S1+ S2)
- etc.

2) Diffusionless transformation ;

Short-distance atomic migration

- Martensitic transformation

10



O|M|+Z= Z=74: 2) Secondary phase control during solidification

Phase Diagram of Iron—Carbon Alloy
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O|M|+Z= Z=74: 2) Secondary phase control during solidification

Equilibrium Phases of Iron-Carbon Alloy
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Diffusion-Controlled Phase Transformation
time dependency

- .

Non-Equilibrium Phases

- .

Need of Controlling
not only Temperature & Composition
but Process conditions (Cooling Rate)

13



Isothermal Transformation Diagram of
a Eutectoid Iron-Carbon Alloy
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Temperature (°C)

Control of Phases by Heat Treatment
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Control of Mechanical Properties by
Proper Heat Treatment in Iron-Carbon Alloy
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High performance materials

High/low temperature
High specific strength (strength/weight)

High electrical performance
— High/low dielectric, Ferroelectric, Superconductor

Nano materials

Bio-materials

High performance coatings

Structural materials

Optical materials (LED, OLED, Fluorescent)
Magnetic/Superconducting materials

Materials are involved in everywhere.... You name it,...

18
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Materials Design-for-Properties : “Alloyed Pleasure”
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Schedule

week 1 Introduction

week 2 Atomic Structure and Interatomic Bonding (Chap. 2)

week 3 Fundamentals of Crystallography (Chap. 3)

week 4 The Structure of Crystalline Solids (Chap. 4)

week 5 Imperfections in Solids (Chap. 6)

week 6 Diffusion (Chap. 7) & Mid-term

week 7 Mechanical Properties of Metals (Chap. 8)

week 8 Dislocations and Strengthening Mechanisms (Chap. 9)

week 9 Failure (Chap. 10)

week 10 Phase Diagram (Chap. 11)

week 11 Phase Transformation (Chap. 12)

week 12 Polymer Structures (Chap. 5)

week 13 Characteristics, Applications, and Processing of Polymers (Chap. 15)
week 14 Functional Polymers (Chap. 16)

week 15 Presentation of Team project and Final Exam 21



CHAPTER 2:
BONDING AND PROPERTIES

ISSUES TO ADDRESS...

* What promotes bonding?

« What types of bonds are there?

* What properties are inferred from bonding?

22
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Atomic Structure
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2.4 Periodic table
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Chapter 2.2

Atomic Structure (Freshman Chem.)

atom—  electrons — 9.11 x 1031 kg

protons
neutrons } 1.67 x 102" kg

atomic number = # of protons in nucleus of atom (Z)
= # of electrons of neutral species (N)

atomic mass unit (A=Z+N) = amu = 1/12 mass of 2C

Atomic wt = wt of 6.023 x 1023 molecules or atoms

1 amu/atom = 1g/mol

C 12011A H 1.008 A
Fe 55.85 amu/atom = 55.85 g/mol etc.

isotope same Z, but different N: two or more different A 24



Atomic Structure

* Valence electrons determine following
properties

1) Chemical
2) Electrical
3) Thermal

4) Optical

5) Mechanical

25



Fundamental Concepts
» Atomic Bonding

¢ It involves the transfer or sharing of electrons between
atoms, resulting in electrostatic or mutual attractions.

F]dLL]Un transfer I(mt ic bonding force )
o)

y
. "'+ * ® )
- Shared electron ________S?féfnd:;?g;;m
. , r raogen )
I | |
@ lonic bond

» atomic structures & electronic configurations are
Important ingredients to understanding bonding.

26



Fundamental Concepts

d Two fundamental types of bonding:

d primary bonds: strong atom-to-atom d secondary bonds: much weaker. It is the
attractions produced by changes in attraction due to overall “electric fields”,

electron position of the valence e- often resulting from electron transfer in

Example : covalent atom between two primary bonds. Example: intramolecular
hydrogen atoms bond between H, molecules =» gas

e H@
H H o
Very weak
H \ intermolecular

Hydrogen attraction Hydrogen
Molecule
Molecule

Highest Probability density of two
electrons between atoms forms very
strong intramolecular covalent bond

27



Fundamental Concepts

L Atomic Bonding

Electronic
configuration

O Example: carbon exists as graphite (soft with greasy

ANIS,
t N
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Chapter 2.3 &G stys g’xfgl"lél'(quantum mechanics: &IX}1o} IXILY YK AHE S X/ Hf)

> 1858 :
> 1869 :
> 1874 .
> 1876 :
> 1890 :
> 1897 :

Louis-Victor Broglie
1958

Early atomic model

cathode ray identified by Pluker
negative charge of cathode ray identified by Hittorf

momentum of cathode ray detected by Crookes
cathode ray named by Goldstein

electron named by Stony
properties of cathode ray = particle-like electron by J. J. Thomson

Sir George Paget Thomson Thomson, Sir ]osepﬁ John

o N

electron

10 °m——>

Photoelectric effect — particle
Diffraction — wave like

(1895-1975), (1856-1940),
Nobel Prize in 1937 Nobel Prize in 1897



Bohr Atom:
M= HoHE AEE KD AT
(RIXHH XS] RAX| XA’ 2 I X CLRESHE! Ol K| 2=

‘= £€98)

HH

orbital electron

n = principal

quantum number
n=3

2 1

2t orbital (energy level &2
state)E quantum jump& 22 M
&AL Ol A K| A&

Nucleus ; Z = # protons
= 1 for hydrogen to 94 for plutonium
N = # neutrons
Atomic mass A~Z+N

£ =J A0 IHE

30



Atomic structure of sodium (Na)

Kshell (n=1)

\7 L shell (n =2)

M shell (n=3)

11 Protons
12 N eutrons

31



Bohr Atom

electrons & protons are electrically charged: 1.60 x 10-1° C (J| =2 & 6t)
mass-proton = mass-neutron = 1.67 x 1027 kg

mass-electron = 9.11 x 10-31 kg

atomic number (Z) = # protons

atomic mass (A) = mass-protons (Z) + mass-neutrons (N)

# of protons: same for all atoms of an element

# of neutrons is variable = “isotopes” (elements with 2 or more atomic masses)
atomic weight = weighted average of the atom’s isotopes

the atomic weight of an element may be specified as mass/mole of material
— 1 amu = 1/12 atomic mass of carbon 12 (2C)
— 1 mole = 6.023 x 1023 (Avogadro’s number) atoms or molecules

— 1 amu/atom (or molecule) = 1 g/mol

32



Limitations in Bohr's model

.. Classic mechanical theory was employed ...

............. P” ... What if there are more than two electrons ? ...
. / mr
L/“.. ... Quantum condition fails ...
ke?
7

3} (40)(82

v Circumferential motion of charged particles
/\"\> should emit EM wave

/ """"""" v Discontinuous emission spectra
---------- cannot be understood

EM Wave 33



Bohr’s model + Wave-mechanical model

To resolve the discontinuous emission spectra...

... Therefore, in discussing the motion of an electron of known energy or
momentum about a nucleus, it is necessary to speak only in terms of the
probability of finding that electron at any particular position ...

(ISR MRs DS ARNES SAIH R0 OHE,

= d U E)

&A= LA - &2 PIX = E

Rl
Hl
Jo

34

nucleus



Bohr vs. wave mechanical model

1.0 |—

Bohr
model

Probability ———

0

mechanical

Wave

model

-1 Distance from nucleus —+=

|
|
|
|
|
|
Orbital electron ‘
|
|
|
|
|
t
|

Electron position is described by
a probability distribution

or electron cloud

|

|

TG |
|

l

Energy (eV)

[ R P G T S A
Q—
GHr—

5

-10 [—

(39—

-15 —

Bohr
model

Wave
mechanical
model

-1x101®8

—2x 10718

Bohr energy levels to be separated
into electron subshells

described by quantum numbers

Energy (J)

35



Orbital concept

Imagine & take a picture of an electron confined in an atom
with single room for it ...

“orbital ”

, which cannot be
defined by a
discrete line but a
region of a volume
due to Heisenberg
uncertainty
principle

for an electron ...

V) Node

36



Electronic Structure

* Electrons have wavelike and particulate properties.
(B Xt B M= A= (quantum #)2t 1] ot= 42 ==Xt 2 & 2J)

— This means that electrons are in orbitals defined by a

probability.

— Each orbital at discrete energy level determined by

gquantum numbers.

Quantum #
n = principal (energy level-shell)
¢ = subsidiary (orbitals)
m, = magnetic

m, = spin

Designation

K,L, M, N, O (1, 2, 3, etc.)
s,p,d, f (0,1,2,3,...,n-1)
1,3,5,7 (-€ to +€)

Y2, -2

37



Quantum numbers (2 Al =)

n principal quantum number 1,2,3,4, - (K, L, M, N, ---)
— Determines the effective volume of an electron orbital
— Distance of an electron from the nucleus, position of an electron
I Angular (azimuthal) quantum number 0, 1, 2, 3, 4, ---, (n-1) (s, p, d, f)
— Determines the angular momentum of the electron
— Shape of electron subshell, shape of electron distribution
m, magnetic quantum number 0, =1, £2, ---, £
— Determines the orientation of the orbital

m,  spin quantum number Ya, -2

Pauli exclusion principle (It 22| 2| BHEFR 2l: stLtel Z=Sloll 20 ABISESH0| CHZ 20 0l5t2 ®XHES)
— No two interacting entities can have the same set of the quantum numbers ...

- Each orbital will hold up to two electrons There can never be more than one electron in the
same quantum state

— Only one electron can be in a particular quantum state at a given time
— Each electron state cannot hold more than two electrons with opposite spins

38



Meaning of quantum numbers

n determines the size

| determines the shape
m, determines the orientation

39



3-dimensional view of electron orbitals

S P d

f

40



Additional quantum number

™ e
Y <7 R &~ , h
«—+4 1 N Electron spin: m, = £
D M~— D
(___/> Q\\_‘)
sz E\_,)
— v &=—7  Therefore, complete
—a e e description of
) an electron requires
é ﬁé} 4 quantum numbers
|_ v

Pauli exclusion principle

... No two interacting entities can have the same set of the quantum # ...

- Each orbital will hold up to two electrons
41



Electron Configurations
(RXo MIHHP B2 MR X)

* Valence electrons — those in unfilled shells
* Filled shells more stable

* Valence electrons (& XtJt& Xt) are most
available for bonding and tend to control the
chemical properties

— example: C (atomic number = 6)

152 |25 2p?

L— valence electrons




Electron Energy States

Electrons...
* have discrete energy states

 tend to occupy lowest available energy state.

A

3d
Energy gp M'She” n= 3
S —
2p L-shell n=2
2S -

1s —_— K-shell n =1

43
Adapted from Fig. 2.4, Callister 7e.



Electronic Configurations

ex: Fe-atomic# = 26 1s2 2s22p® 3s23p® |3d® 4s?

u ~

valence
electrons
3d o+ 4+ 4
v
4
v
3 £ 4] } -
Energy 32 |¢ 1 |¢ M-shell n 3
Adapted from Fig. 2.4,
2p N N Callister 7e.
L-shell n=2
e T shell n
1s % K-shell n=1

44



The complete set of quantum numbers for each of
the 11 electrons in sodium

35!

electron 11 n=3, I=0, m;=0, ms=+% or
electron 10 n=2,|l=1, m;=+1|, m5=—%
— — — — il
26 elecbtron9 n=2,|i=1, my=+1, my=+5
{electrong =2 lb=1, =0, ms=_%
- elecrton7 n=2,|l=1, m;=0, m&=+%
\{electmnﬁ =2, =, wmy=~1) ms=_%
elecronS n=2,|l=1, my=-1} mS=+%
257 {Electr{)nﬁl- =2 11=0, M;=0, ms=_%
electron3 n=2,|1=0, mp=0, m3=+%
T~ {electmn2 =1, I=0, m=0, ms=—%
electron 1 =1 F=0; #=0, mg=+%

[

38 ]
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Stable Electron Configurations

« Stable electron configurations...

— have complete s and p subshells
— tend to be non-reactive (£

fon

).

[

Z Element Configuration

2 He 152
10 Ne 1322322|o6
18 Ar 1 822822p63323p6

36  Kr 1522522p63523p639d1045246

46
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SURVEY OF ELEMENTS

 Most elements: Electron configuration not stable.

Element Atomic # Electron configuration

Hydrogen 1 1s1

Helium 2 152 (stable)

Lithium 3 15225

Beryllium 4 152252

Boron 3 1s22s522p 1 Adapted from Table 2.2,
Carbon 6 1822822[32 Callister 7e.
Neon 10 1522s522p6 (stable)

Sodium 11 1522522p63s1

Magnesium 12 1522522p63s?

Aluminum 13 1522522p63s23p 1

Argon 18 1522522p63523p 6 (stable)
Krypton 36 1522522p63s23p63d 104524p6  (stable)

 Why? Valence (outer) shell usually not filled completely.

48



Chapter 2.4  2E 22E& F7/8H# 49/ HAf df7/0f ofof 7

oy Periodic Table of the Elements
erio roup @K;SH&%
(W ssto] A7e o x4 Vi)

He -
{ Current ACS and IUPAC preferred. :
13 14 15 18 17 2
” (1A) (IVA) (VA) (VIA) via) | qs?
Mass number of most F e Atomic weighls are based on carbon-12. " p ;
stable or best—known Symbol o Bl Amber Atomic weighls in parentheses indicate the s|N 7|0 s|F s|[Ne o
2 bisc:tn:u:ue s Oxygen Name most stable or best-known isotope. Oxygen Fluorine Neon
Mass of the isotope ol weighl 159994 15,994 1890840 21797
longest halt-life 2522p4 ar?ggé?ﬁem 2522p¢ 2522p% | 2522p° |

- . ] 5|8 6|Cl 7 |Ar s
Transition elements PR B i | St | owores =

4 5 6 7 8 9
(IvB) (VB) (VIB) (vis) | (VaB)

[IMetal [ ]Semimetal [__]Nonmetal

Inner transition elements

Lanthanide series E

Actinide series *3‘,



Chapter 2.4 The Periodic Table

 Columns: Similar Valence Structure Hi=8t 5t8:® 22|® E4

.wI—-sgive up 1e
give up 2e

Metal
. Nonmetal
Period 1A MA IVA VA VIA
4 Intermediate | > | 6 | 7 | 8
Li | Be B| C|N|O
1 12 e — —m e e - - = 13 14 15 16
Na|Mojug we vB v ViB , X B mw|A |Si|P|S 'I:d a|02te6d from
19 20 | 21 22 23 24 25 26 27 28 29 30 31 32 33 34 Cgl.l' ' ’7
K|Cai Ti|V |Cr|[Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se allister 7e.
37 38 | 39 40 41 42 43 44 45 46 47 48 49 50 51 52
Rb| Sr 1 Zr INb |Mo| Tc |Ru|Rh |[Pd|Ag|Cd]| In [Sn|Sb | Te
55 56 | Rare 72 73 74 75 76 77 78 79 80 81 82 83 84
Cs|Bat2™ Hf | Ta|W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi |Po
87 88 | Acti- 104 | 105 | 106 | 107 | 108 | 109 | 110 .. s
FrIRa! nide Rf | Db Sg Bh | Hs | Mt | Ds TranSltIO:n metal (;ﬂo] %'—’T)
. REYoF QY dAE F 0] e A% 12/ A4 £
Electropositive elements: Electronegative elements:
Readily give up electrons Readily acquire electrons 50

to become + ions. to become - ions.



Electronegativity (8714 <)

« Ranges from 0.7 to 4.0,
« Large values: tendency to acquire electrons.

Metal
IA 0
T Nonmetal 2
A WA IVA VA VIA VIA

SEEI Intermediate | 2 | ¢ | 7 | 8 | @ | 10

B C N
11 | 12 13 | 14 | 15 | 16 | 17 | 18

Vil ’
me IVB VB VIB VIB / ~ 1B e | Al | Si | P

19 | 20 | 21 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 32 | 33 | 34 | 35 | 36
Ti | V | Cr [Mn| Fe |Co | Ni |Cu | Zn | Ga | Ge | As

37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Zr  / Nb | Mo | Tc |Ru |[Rh |Pd |Ag | Cd | In | Sn | Sb

55 | 56 | Rae | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86
| Hf [ Ta| W |Re |[Os | Ir | Pt |Au|Hg | Tl | Pb | Bi

87 88 Acti- 104 105 106 107 108 109 110
mde | Rf [Db | Sg | Bh | Hs | Mt | Ds

«— ——

Smaller electronegativity Larger electronegativity

Adapted from Fig. 2.7, Callister 7e. (Fig. 2.7 is adapted from Linus Pauling, The Nature of the Chemical

Bond, 3rd edition, Copyright 1939 and 1940, 3rd edition. Copyright 1960 by Cornell University. 51
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2.2 Fundamental concepts

« atom—  electrons — 9.11 x 1031 kg

protons
neutrons } 1.67 x 102" kg

Bohr vs. wave mechanical model

. G ——  nus Qél
2.3 Electrons in atoms - e i
Bohr 4 mechanical @Y~ —— " L
. model 3 model |
a. atomic models : .
’ . -E, Bohr Wave_',
Bohr’s model + Wave-mechanical model |- S| model mechanica]
it Ilsd dRt"E sAU 2=0 JHE= dXRE *;*”“"""”’“__"“"‘_“' 1of
™
| N 2x107"
b. Quantum#s .. RENE . o I
n = principal (energy level-shell) K, L, M, N, O (1,2, 3, etc.) N\ i ___/.// e
¢ = subsidiary (orbitals) s pd T (0,.1,28,::n1) I
m; = magnetic 1,3,5,7 (-8 to +8)
m = spin e, Ve ex: Fe-atomic# = 26 1s2 2s?22p® 3s23p® 3d° 4s?
c. Electron configurations
electrons
3d N
1 ?l_ -
2.4 Periodic table mew | % Fit M
Adapted from Fig. 2.4,
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