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Textbook and references

Main textbook: William D. Calister, Jr., David G. Rethwisch

“Materials Science and Engineering”, ISBN: 978-1-118-31922-2
oth edition Sl Version, John Wiley & Sons Inc., 2014

References: J.F. Shackelford, “Introduction to Materials Science for Engineers”

8th edition, Prentice Hall Inc., 2016

Grade

* Relative grading ( (A+B) 70%, (C) 20%, (D-F) 10% )

* Midterm(35%), Final exam (40 %),

« Homework and team project (15%) and Attendance (10 %)

 Note: 1) The weight of each component above could be adjusted up to
5% based on students’ performance. 2) Student who retakes this course
will have their final scores adjusted downward by 10% in order to
ensure fairness with other students.
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Schedule

week 1 Introduction & Atomic Structure and Interatomic Bonding (Chap.1 & Chap. 2)
week 2 Fundamentals of Crystallography (Chap. 3)
week 3 The Structure of Crystalline Solids (Chap. 4)
week 4 Polymer Structures (Chap. 5)
week 5 Imperfections in Solids (Chap. 6)
week 6 Diffusion (Chap. 7) & Mid-term (Face-to-face examination)
week 7 Mechanical Properties of Metals (Chap. 8)
week 8 Dislocations and Strengthening Mechanisms (Chap. 9)
week 9 Failure (Chap. 10)
week 10 Phase Diagrams (Chap. 11)
week 11 Phase Transformations (Chap. 12)
week 12 Properties and Application of Metals & Ceramics (Chap. 13 & Chap. 14)
week 13 Properties and Application of Polymers (Chap. 15)
week 14 Composite Materials (Chap. 16)
week 15 Fabrication and Processing of Eng. Mater. (Chap. 17) &
Final Exam (Face-to-face examination)



© N o U bk~ W N

. To graduate T.T

Why do | need to study materials?

Professor Park is known to be generous on the grade.
To conserve professor's job....

Not many class | can take....

My girl friend is taking this class ...

| want to develop new materials.....

My parents suggested to take this course.....

This is the start of my challenge to the universe...



What are Materials?

« That's easy! Look around.

e Qur clothes are made of materials, our homes are
made of materials - mostly manufactured. Glass

windows, vinyl siding, metal silverware, ceramic
dishes...

« Most things are made from many different kinds
of materials.



Periodic Table of the Elements
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Kinds of Materials

« Metals: are materials that are normally
combinations of "metallic elements”. Metals
usually are good conductors of heat and
electricity. Also, they are quite strong but
malleable and tend to have a lustrous look
when polished.

« Ceramics: are generally compounds
between metallic and nonmetallic elements.
Typically they are insulating and resistant to
high temperatures and harsh environments.



Kinds of Materials

 Plastics: (or polymers) are generally organic
compounds based upon carbon and
hydrogen. They are very large molecular
structures. Usually they are low density and
are not stable at high temperatures.

« Semiconductors: have electrical properties
intermediate between metallic conductors
and ceramic insulators. Also, the electrical
properties are strongly dependent upon
small amounts of impurities.



Youngs modulus, E (GPa)

< Ashby map >

1000

T T TTTTIH

1 IIIIIIIJ

; Engineering
i Enginee,ri'hg Ceramics
Alloy
100 E ' Morphous metals
[ L
- / </ ngifeering?
7 ) S /c.‘i

10 t - —7 ompgsites,
F O/E= 7 v \ / ;
[ 104 . Porpug i
% — " Ceranjics -

1 ‘ _Awvood /
; Engineeririg :
L 103 7 .
- Polymers -
. 7 ]
" Polymers ., /!

01¢ Foamg / 3

10-2 ) EIasto;‘hers
/
o -1 7 K n
16~ / 02/E=Q
1 L L iiial. L1 1111l 1 L L 1111l 1 L1 111

0.01
0.1

1

10

100

Strength o, (MPa)

1000

10000



Kinds of Materials

« Composites: consist of more than one
material type. Fiberglass, a combination of
glass and a polymer, is an example. Concrete
and plywood are other familiar composites.
Many new combinations include ceramic
fibers in metal or polymer matrix.



Menu of engineering materials

Amorphous
materials

composite

Ceramics

Elastomers
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Microstructure-Properties Relationships

Alloy design &

: Performance
Processing

AVigerals Science-and EngiREERRGEE

Microstructure Properties

down to atomic scale

“Tailor-made Materials Design™



gadd + SBZE =

Microstructure Control of Materials

&

Better Material Properties
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Structure of crystals, liquids and glasses

Crystals Liquids, glasses

e periodic e amorphous = non-periodic
e grain boundaries * N0 grain boundaries

15



Atomic structure
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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)

18



O|M|+= Z=7: 1) perfection vs imperfection control

Perfect Crystals without Defect

',?g
L
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1 Carbon

Nanotubes

- =

High strength, unigue magnetic/electrical properties
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Perfect Crystal Is good in many aspects,
But ...

d 1) Imperfection in Metallic Materials ;

Point defect . Vacancies, Impurity atoms _ _
Mechanical Properties ;

Magnetic properties
Plane defect : Grain Boundaries, Electrical properties

Free Surfaces Etc.

Line defect : Dislocations

Bulk defect : Voids, Cracks

d 2) Second Phase Particles in Matrix

20



1) Imperfection: Grain Boundaries
(Planer defect)
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1) Imperfection: Phase Boundaries
(Planer defect)

0 of Al-Cu alloys (x 8,000) by SEM

JEOL 7500F-1
scanning electron microcsope

CuAl, : complex body centered tetragonal, incoherent
or complex semicoherent



1) Imperfection: Dislocations (line defect)

SR-71
| with armor of
~_ titanium alloy

Edge
Dislocation
Line
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1) Imperfection: Voids during solidification

Narrow freezing range Wide freezing range

Shrinkage effect
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Using of Materials with Improper Microstructure

Failures

Oil tanker MA@ 23] (1994.10.21)
fractured in a brittle manner

26




0| M| += Z=H: 2) Secondary phase control during solidification

Phase Diagram of Iron—Carbon Alloy

Composition {at% C)
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O|M|+Z= Z=7: 2) Secondary phase control during solidification

Temperature (°C)

Equilibrium Phases of Iron-Carbon Alloy
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O|M|+Z= =74: 2) Secondary phase control during annealing

Mechanism of Precipitation

Solution heat
treatment
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O|M|+= Z=Z: 2) Secondary phase control

Effect of Second Phase Particle
on Mechanical Property

Dislocations

Second phase particle
In matrix material

. 2

Obstacle of
dislocation slip
& grain growth

. 2

High strength Ni;Si particles in Ni-6%Si single crystal

'Y

30



O M|t = Z=Z: 2) Secondary phase control

Control of Microstructures by
Precipitation Transformation in Aluminum Alloy

Boeing 767 by AA7150 T651 alloy

Precipitates
In aluminum matrix

- =

Hindering dislocation slip

. =
High strength

31



O|M|+Z= Z=4: 2) Secondary phase control during processing

Control of Microstructures :
Cold Work _ezie 715 ggsin age

b

7tM7|= 28

32




O|M|+Z= Z=7: 2) Secondary phase control during processing

Hardening Mechanism by Cold Working

Deformation
or |
Cold work

Aluminum alloy

Before cold work

Accumulation
of dislocations

Dislocation tangle

33



O M|+

Tensile strength

Z & 7. 2) Secondary phase control during processing

Changes of Strength and Ductility
by Cold Working

140 70 ‘
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500 E D
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300 10—
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|
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0 10 20 30 40 50 60 70 5
Percent cold work Percent cold work
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OjM|+= Z=: 2) Secondary phase control during processing

Changes of Microstructure & Mechanical Properties
during Annealing

Annealing temperature (°F)
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gadd + SEZE =» 58 IHg

Production and Application of Electrical Steel

Hot rolling - cold rolling — 15t annealing — 2"d annealing

Stacked transformer core

ols

Transformer
Motor
Etc.

Soft magnetization property 36




Abnormal Grain Growth
In Fe-3%Si1 Steel Sheet
produced by POSCO

Abnormally grown grains
with Goss texture

Control of grain growth

Control of
magnetic property




Important!!!

Understanding and Controlling

Phase Transformation of Materials

38




Phase Transformation
e Solidification: Liquid == Solid

e Phase transformation in Solids

1) Diffusion-controlled phase transformation ;
Generally long-distance atomic migration
- Precipitation transformation

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

2) Diffusionless transformation ;
Short-distance atomic migration

- Martensitic transformation

39



Diffusion-Controlled Phase Transformation
time dependency

- =

Non-Equilibrium Phases

- =

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

40




Fraction of transformation, y

e
o

©
o

Transformation Kinetics and
Isothermal Transformation Diagram
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TTT diagram s Isothermal transformation diagram

Temperature (°F)



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

Control of Phases by Heat Treatment

= | | | 1 I
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Control of Mechanical Properties by

-
-

Tip of needle shape grain

Nucleation site of fracture

Brittle

heat treatment
(tempering )

-
-

e et
Tempered martensite

Very small & spherical shape grain

Good strength, ductility, toughness

44



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,...



1) Same element, but different structure
diamond graphite

Carbon

\ Q atom

|
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N ,Q/ \}J\Q ElQ:o 3?:(} 32:0
//&E} > —— 7/_/_/ 4 _\_\_ j)\ j)\
Cf/ < /d(i# ,3’:/ ,é)\
Oc W
10 Hardness 2
3.5 g/cm? density 2.2 g/cm?
1.54 A bond length 3.4/1.48 A
(111) cleavage (001)

cubic crystal structure hexagonal



Top 10 most expensive diamonds (1/2)

£ =

2 4 o
; ‘1 h 3 - ¢ ! "tl ;
e i ‘

Allnatt Diamond Moussaieff Red Diamond The Heart of Eternity Wittelsbach Diamond
101 carat, $ 3M. 20 g 14 carat, $ 7M. 2.78 g 14 carat, $16 M.5.5¢g 35.6 carat, $ 16.4 M.

The Steinmetz Pink De Beers Centenary Diamond The Hope Diamond The Cullinan
60 carat, $ 25 M. 274 carat, $ 100 M. 45 carat, $ 350 M. 3100 carat, $ 400 M.

Anything strange? Difference from the typical diamond?


http://www.tiptoptens.com/2011/02/14/top-10-most-expensive-diamonds-in-the-world/allnatt-diamond/
http://www.tiptoptens.com/2011/02/14/top-10-most-expensive-diamonds-in-the-world/the-moussaieff-red-diamond/

Top 10 most expensive diamonds (2/2)

03.05 .07 10 15 .20 .25 .33 40 50 65 .75 .85 100 125 150

0000000000000 OO0O

70 74

1ct %ﬁ
ST

202527 30 34 38 41 44 48 52 56 59 62 65

400 500 6.00 7.00 8.00

QQOOOQOOOQ

10.2 110 11.7 124 13.0

Sancy Diamond Kohinoor
105 carat, $ not estimated

55 carat, $ not estimated.

The great Mughal of India Purest form of diamond



Microstructure Control

2) Improvement —
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2) Materials for Bio-Medical Application
-Should be fallure-proof




Copying from the Nature

Crystal planes

Crysis




Development of ultra-high tough composites

/m Biological materials

e Organic
e sait -~ / CaCo,
materials

Vi cacos ~ 95 vol.%
T e Thickness 8 : <~ 0.5 um
Bio-inspired materials Wavelength A < ~ 0.5 /m

thin layers

Ceramic Brick &

PMMA / AL,O,

Vf.AlZO3 ~ 80 VOl.o/O
Thickness 8: <5~ 10 um
Wavelength A <11 ~ 12 /m

Ceramic Brick & Metal mortar BMG / A1203

structure

High strength: > 2 GPa
Large elastic limit: ~ 2 %
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Al,05; Ceramic Brick & Zr-BMG mortar composites

: S <

'100um JEOL  4/12/2016
X 50 15.0kV SEI LM WD 14.3mm 11:42:20




nature
COMMUNICATIONS

NATURE COMMUNICATIONS [ (2019)10:961 | https://doi.org/10.1038/s41467-019-08753-6 |

ARTICLE

Bioinspired nacre-like alumina with a bulk-metallic

glass-forming alloy as a compliant phase

Amy Wat'2, Je In Lee** Chae Woo Ryu3, Bernd Gludovatz>, Jinyeon Kim>®, Antoni P. TomsiaZ,
Takehiko Ishikawa’, Julianna Schmitz®, Andreas Meyer®, Markus Alfreider®, Daniel Kiener® °,
Eun Soo Park( ? & Robert O. Ritchie "2

Bioinspired ceramics with micron-scale ceramic “bricks” bonded by a metallic “mortar” are
projected to result in higher strength and toughness ceramics, but their processing is chal-
lenging as metals do not typically wet ceramics. To resolve this issue, we made alumina
structures using rapid pressureless infiliration of a zirconium-based bulk-metallic glass
mortar that reactively wets the surface of freeze-cast alumina preforms. The mechanical
properties of the resulting Al.O; with a glass-forming compliant-phase change with infil-
tration temperature and ceramic content, leading to a trade-off between flexural strength
(varying from 89 to 800 MPa) and fracture toughness (varying from 4 to more than 9
MPa-m™). The high toughness levels are attributed to brick pull-out and crack deflection
along the ceramic/metal interfaces. Since these mechanisms are enabled by interfacial failure
rather than failure within the metallic mortar, the potential for optimizing these bioinspired

materials for damage tolerance has still not been fully realized.

2020-0Y-01 54



2) Microstructure of optical fiber

- vy = lattice parameter: unit cell x-

& shear strain (6.2) -
A= !mlte change in a parameter
€ = -fﬂmmfﬁm'*

high temp
sodium vapor lamp
Al,O4

opaque




2) Improvement : Lighter and Stronger

Common  Chemical Formula Breaking Strength

Linear polymer : Microwaveable food Name of the Monomer  (grams / denier)
containers, Dacron carpets and Kevlar
ropes

Branched polymers : flexible shampoo
bottles and milk jugs

Nylon-66 {

bOWling balls Nomex ‘E'

Cross-linked polymers : Car tires and




3) Improvement : Phase transformation

Boeing 777

O|F 7 (47 °C) O|F & X|d
R 2 &
> MM 80k O|AQS 2% XIO|O|ME Y= LY




Look !

Not Anna,
But Racket

Moment of Impact

If the racket is weak
or Its head is small,

Anna cannot win alone.
A good racket is needed.

ey R : U-:-"-? i-.-u“.?-r‘-ﬁiﬁ_ﬁ?

Anna Kournikova



4) Improvement : Composite & Design

Stronger and
lower density
material

1700’s

=

Bigger head

1970’s

=

a.Tennis Racket

More comfortable
to play




F-22 Raptor

b. Fighters ;

Most strong, light, and tough Materials

Voker Dr | 2000’s Titanium alloy + Carbon fiber
Composites

1910’s wood, canvas

F-14 Tomcat

1970’s Steel + Titanium alloy



c. Space Shuttle

1S H50TC

9H55'C

1&IPEC
4HELOC
BElS0C

48445°C




The high temperatures that were to be encountered by the Space Shuttle were simulated
in the wind tunnels at Langley in this 1975 test of the thermal insulation materials that
were used on the Space Shuttle Orbiter.

Credits - NASA



COMPRESSIVE STRESS, MN/m2

(o]

c-11) Other forms of materials

Porous and Cellular Materials
Space Shuttle Thermal Tile

Return to catalog.

[&]

i / [ T T e .10 T T T T We are pleased to be an authorized retail dealer of
POLYETHYLENE g . M.LME; Space Shuttle thermal tile material. This actual piece of
| Con}pre?gion aa4Hd & 008l €=1073s; P/p =0.08 | thermal tile material was made in the late 1970's for the
€=88x1072 - 16 x107"'s a N ) Space Shuttle Cofiumebia, the first shuttle to fly n space.
e E 0.06 | Linear Densification—~ | (This tile material is not from the loss of STS-107.
Densification 1 v :3/'031'0 It comes from the same lot of material originally
3.6 . 7 | Plateau installed on Cofumhic) Thermal tiles are made of a
k..Densnty-—-,.,l 38 n 0.04 ] " " 2 2
{g/cm3) lu foam glass" material Each Space Shuttle contains more
Linear elasticit — % 0.02 than 34,000 separate tiles, each specifically cut for its
Platedu Y 0.3 g - ] own location, to protect the Shuttle when reentering the
atmosphere.
1 0 L ! ] |
0 02 04 06 08 I.0 0 6.2 04 06 08 1O o . . .
ENGINEERING STRAIN ENGINEERING STRAIN P.ackagmg mehides acle.arplastl.c box Wlthan authentic
(a) piece of Space Shuttle tile matenal resting on a sky blue
(b) foam insert. This is an exzcellent educational item for kids

and a must for collectors. The tile matenal can be

Price:
ordered below. Please also see below for more $15.95

wformation and the history on how this tile material
became commercially avalable. Supplies are limited, so

T 777

ICe[lulcr core

Solid skin
order now!
Sandwich Structure
(c) o Item T1
Figure 1.31 Compressive stress-strain curves for foams, (a) Polyethylene o Plastic display boxis 2x 2x 1 inches.
with different initial densities. (b) Mullite with relative density Ps /'Ps =0.08 o The tile material iz a 1/2" piece (either square or triangular)

(adapted from L. J. Gibson and M. . Ashby, Cellular Solids: Structure and g 3 i iC1
Properties (Oxford, UK: Pergamon Press 1988), pp. 124, 125). (c) Schematic « Dach piece inchides a certficate of authenticity.

of a sandwich structure. o MNote: Tile material is brittle and has a challey film, This film can get on your hands
and irritate the skin if the matenial is handled directly. Therefore we recommend
keeping the tile material in its plastic display box
o Order form



d) Combination of Materials




Detalled view of transistor

ADF image EDS mapping

| itogn | Titanium

Single crystal Si



= 10,200.000,000

Moore’s Law

_ _ _ _ Transistors

“The number of transistors incorporated in a chip 3

will approximately double every }1 months”

10 mm

4"’ »‘ff"';r v : i
Pl | ¥

:Q‘%\ " \</ E | 1.220.000,000
gk L4 /, :
T 5‘-_‘ | &0 s
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Atomic structure

Short-range order | =
A

amorphous

Intensity

— ! e
1° 30° 40° s0°
Scattering angle

INTENSITY {aw)
L 2 L '

Quasicrystalline

.d.J.n.‘..'h .|I|..||. u..‘..l .
T T T I 1 T

0

Qla.u)

> Periodic order

crystalline

Intensity

1

e L0°
Scattering angle

50°¢




Crystal structure _ _
14 Bravals Lattice

y
.
® . . -
°
[
Simple cubic Body-centered Face-centered Simple Body-centered
5 e f )
cubic (bec) cubie fec) tetragonal tetragonal
3
™ @
® @ °
. .
Simple Body-centered Base-centered Face-centered Rhombohedral
orthorhombic orthorhombic orthorhombic orthorhombic
Hexagonal Simple Base-centered Triclinic
monoclinic monochnic

* 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
e Solidification: Liquid == Solid

e Phase transformation in Solids

1) Diffusion-controlled phase transformation ;
Generally long-distance atomic migration

- Precipitation transformation

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

2) Diffusionless transformation ;
Short-distance atomic migration

- Martensitic transformation

10



0| M| += Z=H: 2) Secondary phase control during solidification

Phase Diagram of Iron—Carbon Alloy

Composition {at% C)

N 6000 5 10 15 20 25
1400
2500
—~
o
~ 1200
9 g—
i
3 2000 1':
9 10007 ‘2
o 2
3
(D)
= 800 1500
600
Cementite (Fe3C) . — 1000
I l [ |
e 3 4 5 6 6.70

Composition (wt%o) 11



O|M|+Z= Z=7: 2) Secondary phase control during solidification

Equilibrium Phases of Iron-Carbon Alloy

1100 T T T
Atomic migration
1991 py diffusion
900
e
‘@ 800
3
&
= 700 H-
600 [
500 a + FesC — 'y:'.'._:
=
\# 7
X s f’if;
400 | | | J n‘p ?
232K

0 1.0 2.0 230 58
Composition (wt% C) =

Eutectoid composition



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

Y Austenite mmm) o Ferrite + F€;C graphite

1 min lh 1 day
I T [ .
A 6\ Austenite (stable) ’/t;l;cr;c;:ldre—— 1400
700 »l - g
.- g G a Ferrite Coarse // f,
S & pearlite —120_
S ; t =
§ 600 |— = Fe3C -:?:,
) .| 2
g. Fine Slow cooling 5
earlite — 1000
|q—) ¥ _ P \\
500 — Aui::::f m;;?::'te . —— ge::::frit:gat a transformation
Rapid cooling |
| [ | | | 800
1 10 10° 103 10* 10°
Time
= Phase Transformation M2 £ microstructurel] =3 7=




Temperature (°C)

Control of Phases by Heat Treatment

= | | | 1 I
A —
S ... L sl
700 -
Martensite ;
20 Non-equilibrium phase |
( Very hard) =
500
Pearlite
400 (Fe;C+ferrite) |
300 e,
_;__>\\ — |Heat Treatment | ®d=H

200 — o

______ A R R / .

______ T e e )
100 __L__ Phase & Microstructure

- ) © @~
L Martonsite 30% Banite Bainte ) - -

. | | o~ 1 L ) :

07 1 0 102 1% 10t 10° Properties of Material
Time (s)

15



Control of Mechanical Properties by

heat treatment
(tempering )

R I R
Tempered martensite

Tip of needle shape grain

Very small & spherical shape grain

B=) | Nucleation site of fracture B | Good strength, ductility, toughness
ﬂ Brittle

16
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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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Schedule

week 1 Introduction & Atomic Structure and Interatomic Bonding (Chap.1 & Chap. 2)
week 2 Fundamentals of Crystallography (Chap. 3)
week 3 The Structure of Crystalline Solids (Chap. 4)
week 4 Polymer Structures (Chap. 5)
week 5 Imperfections in Solids (Chap. 6)
week 6 Diffusion (Chap. 7) & Mid-term (Face-to-face examination)
week 7 Mechanical Properties of Metals (Chap. 8)
week 8 Dislocations and Strengthening Mechanisms (Chap. 9)
week 9 Failure (Chap. 10)
week 10 Phase Diagrams (Chap. 11)
week 11 Phase Transformations (Chap. 12)
week 12 Properties and Application of Metals & Ceramics (Chap. 13 & Chap. 14)
week 13 Properties and Application of Polymers (Chap. 15)
week 14 Composite Materials (Chap. 16)
week 15 Fabrication and Processing of Eng. Mater. (Chap. 17) &
Final Exam (Face-to-face examination)



CHAPTER 2.
Atomic structure and Interatomic bonding

 we 79 A FR2 A2 54 4

ISSUES TO ADDRESS...

 What promotes bonding?

 What types of bonds are there?

 What properties are inferred from bonding?

22



Contents for today’s class

Atomic Structure

2.2 Fundamental concepts

2.3 Electrons in atoms
. atomic models, Quantum #s, Electron configurations

2.4 Periodic table

23



Chapter 2.2 basic definition

|. Atomic Structure (Freshman Chem.)
e atom—  electrons — 9.11 x 1031 kg

protons _
neutrons } nucleus, 1.67 x 10?7 kg

electrons & protons are electrically charged: 1.60 x 10-° C (J|=&0al)

e atomic number = # of protons in nucleus of atom (2)
= # of electrons of neutral species (N)

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

Atomic wt = weight of 6.023 x 10%2 molecules or atoms

1 amu/atom =1 g/mol

C 12.011A H 1.008A
Fe 55.85 amu/atom = 55.85 g/mol etc.

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



Fundamental Concepts
Il. Atomic Bonding

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

F]r_'.Ll.]{)Tl transfer Iu'l > bonding force )
e
|

¢
. "”'* =)
e ia s o Shared electron ™
1. + + * ,t + from hydrogen
©-9-0:0-@
- - - - | |
|
by

A = A

Ionlcbond . .::®:@

-b T
©-6:@-¢'

Shared electron
— from carbon

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

25



Fundamental Concepts

d Two fundamental types of bonding:

Q primary bonds: strong atom-to-atom [ secondary bonds: much weaker. It is
attractions produced by changes in the 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
e H
H
H €
H \ Very weak

intermolecular \
I—I:/)Ilglréncguelg attraction Hydrogen
Molecule

Highest Probability density of two
electrons between atoms forms very

strong intramolecular covalent bond 26



Fundamental Concepts

ll. Atomic Bonding

Electronic
configuration

L Example: carbon exists as graphite (soft with greasy
feeling) or diamond (hardest known material)

Carbon
A ,Q <§“~of*%*ﬂf§-(}f% o
; ?H'! \\\,-/
| ~_ () Nig¥ ngu gy
. = &rﬁ H-\O%V ——BEW s i
diamond | &1 S p Pl e  graphite
O Ny O O O
NS 08
@ dhh gLl Lg
i S oo S ke Ses
~
G € 27



Chapter 2.3 Z&F8fvs A} S (quantum mechanics: JAFSF LAFLY HHHHES X/Hj)

Early atomic model

> 1858 : cathode ray identified by Pluker

> 1869 : negative charge of cathode ray identified by Hittorf

> 1874 : momentum of cathode ray detected by Crookes

» 1876 : cathode ray named by Goldstein

> 1890 : electron named by Stony

> 1897 : properties of cathode ray = particle-like electron by J. J. Thomson

Joseph John

Sir George Paget Thomson

Thomson, Sir

electron

10" m-——+

Photoelectric effect — particle
Diffraction — wave like

Louis-Victor Broglie

1958 (1895-1975), (1856-1940),
Nobel Prize in 1937 Nobel Prize in 1897


http://scienceworld.wolfram.com/biography/photo-credits.html

I1l. Bohr Atomic model: ¢xjeistol 7|«
HXe= Holl& ASE XD |XFT/]E =0 A0 JHH
(RXU BRI AX CAXAS S UK CSXXEE UK 232 &£9)

orbital electrons:

n = principal

quantum number
n=3

2 1

2} orbital (energy level &2
state)& quantum jump & =M
A2 G Xl B

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



Atomic structure of sodium (Na)

K shell (n=1)

\7 L shell (n = 2)

M shell (n = 3)

11 Protons
12 Neutrons

30



Limitations in Bohr’'s model

.. Classic mechanical theory was employed ...

............. P” ... What if there are more than two electrons ? ...
' 7 omr
P ... Quantum condition fails ...
ke? |
r—z

o f (40)(8)2

Tl v Circumferential motion of charged particles
'\’\> should emit EM wave

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

EM Wave 31



V. 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 ...
(IIsg9s2d: dit=e a8 A HEE SA0 =0 OHE,

&A= LA - &2 RAK = = MAS)

il
Rl
Hl
Jon

E,—E,

©
—1.5—3.4—-13.6 E, E, E
eV eV aV

electron

32

nucleus



Bohr vs. wave mechanical model

1.0 |—
Wave
Bohr T :
model 2 mechanical
5 model
& |
|
|
|
|
0 |
|
|

--':—:— Distance from nucleus —+—
| I |
| | : |
| | . |
| I ko
| | Wl
| | 5
‘ Nucleus
|
! ;
I g
|
|
I

|

Orbital electron

Electron position is described by
a probability distribution
or electron cloud

Energy (eV)

0 —
@—
GH—

5l

-10|—

(39—

-15 —

Bohr
model

Wave
mechanical
model

-1x 1078

-2x1018

Bohr energy levels to be separated
into electron subshells

described by quantum numbers

Energy (J)

33



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

34



V. Electronic Structure

* Electrons have wavelike and particulate properties.
(RIAtS] 2 MAb= 24Xt (quantum #)2k D SH= 4942 =X & 2))

— This means that electrons are in orbitals defined by a
probability.

— Each orbital at discrete energy level determined by
“guantum numbers”.

Quantum # Designation
n = principal (energy level-shell) K,L, M, N, O (1, 2, 3, etc.)
¢ = subsidiary (orbitals) s,p,d, f (0,1, 2,3,..., n-1)
m, = magnetic 1,3,5,7(-€to +0)

m, = spin Y, -1/

35



V-a. Quantum numbers (2 Xt =)

e N
e |

° mI
e m

S

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
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
magnetic quantum number 0, £1, 2, ---, £I

Determines the orientation of the orbital

spin quantum number Yo, -V

V-b. Pauli exclusion principle

(Lt=S2l 2l BHEHR 2l: stLtel =20 & T ABIREEH0| TH2 200 0152 & RHE &)

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

36



V-a. Meaning of quantum numbers

(1) n determines the size

(2) | determines the shape
(3) m, determines the orientation

37



3-dimensional view of electron orbitals

38




V-a. Meaning of quantum numbers

™ T >
Ty T By
____\__//> i i (\—w> 4 El 1_ . . m __*_ﬁ
¢ S (4) Electron spin: My ==
= — 2
D
— —
c___,/f ! | N Therefore, complete
= — description of
i [ an electron requires
@ @ 4 quantum numbers
| v

V-b. Pauli exclusion principle

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

- Each orbital will hold up to two electrons
39



VI. Electron Configurations

(A2 MAtH? =2 d A L)

 Valence electrons — those in unfilled shells

 Filled shells more stable

« Valence electrons (& XtJt& X+ are most
available for bonding and tend to control the

chemical properties

— example: C (atomic number = 6)

1s2

252 2p?

L. valence electrons

40



Electron Energy States

Electrons...
« have discrete energy states

« tend to occupy lowest available energy state.

3d
Energy gp M-shell n=3
S —
2p L-shell n=2
2S -
1s _— K-shell n=1

41
Adapted from Fig. 2.4, Callister 7e.



Electronic Configurations

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

\

valence
electrons
3d to4 4 4+ 4
v |1 I
4|
|4
3 oo o I ) _
Energy 32 T M-shell n=3
Adapted from Fig. 2.4,
2p ? | A 4| Callister 7e.
2g lv 4y |4 L-shell n=2
1s % K-shell n=1

42



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

1
3s electron 11 n=3, [=0, m;=0, m5=+% or %
electron 10 n=2,|I=1, m;=+1, m5=—%
— — — — 4 1
26 electron 9 n=2,[l=1, my=+1| mg = +5
{ElECtI‘DH 8 H=2, E= & m;:[}, ms:_%
electron 7 =2 | =1, =10, ms=+%
electron 6 n=2,|I=1, my=-—1|} ms=_%
elecronS n=2,|I=1, my=-1| mq=+%
232 {electron'ﬂ- H=2, E:O, m;—-[:}, m.ﬁ'_—%
electron 3 ni=2,11=0, m=0, ms=+%
152 {electron.’z n=1, =0, m=0, ms__%
elecron1l n=1, =0, m;=0, ms=+%

wiBUILIEST UOSWOY 1 / Bulysiignd 8]00/$30019 £00Z @



Stable Electron Configurations

« Stable electron configurations...

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

fon

).

[

Z Element Configuration

2

10
18
36

He 152
Ne 1522s 22p6
Ar 1 322322p63323p6

Kirrypton 1 322322p63323p63d1 04324p6

44
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SURVEY OF ELEMENTS

e Most elements: Electron configuration not stable.

Element Atomic # Electron configuration

Hydrogen 1 1s1

Helium 2 1s2 (stable)

Lithium 3 1s22st

Beryllium 4 1s22s2

Boron 5 1s22s22pt Adapted from Table 2.2,
Carbon 6 1822522[3 2 Callister 7e.
Neon 10 1s22s22p6 (stable)

Sodium 11 1522s522p63s'

Magnesium 12 1522s22p63s?2

Aluminum 13 1522s22p63s23p 1

Argon 18 1522s522p63s23p 6 (stable)
Krypton 36 1522s22p63s23p63d104s524p6 (stable)

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

46



Chapter 2.4

Periodic Table of the Elements

L& JALe FIEH Y9 HAf Hi7/of /o] =7

Period Group s,
SHKoSmetotet ol
1 - - KOREAN CHEMICAL SOCIETY i8
Y gtsto] 2 FEF o FE2A (VIIIA)
H 1 He 2
Current ACS and IUPAC preferred. )
1 Hydrogen Helium
T 2 13 14 15 16 17 ARG
1s! (1A " (11A) (IvA) (va) (VIA) (ViIA) 1g2
i Mass number of mos! i Atomic weights are based on carbon-12,
Li SRR i o Desi—known symool Q) 8 Atomic weights in parentheses indicate the B s|C [N |0 a|F s[Ne o
2 Lithium Beryllium D'SOIODQ Preees Oxygen most slable or besi-known isotope, Boron Carbon Nitrogen Oxygen Fluorine Neon
641 a9m218 Mass of the I§OTODE ol weight 15.9994 1081 12011 140067 15,9054 1899840 21177
2s! 252 longest hal-life 2822p4 d,rﬁéqf\;;re(r'ﬁem 2s?2p! 2s22p? 2522p? 2s22pt 2s22p% 2s22pb
Na (Mg . Al ]|Si 1a|P 15|S 6|Cl  17|Ar 18
2 Sodium Magnesium e Tra ns ” on E' emen tS Ll Aluminum Silicon Phosphorus Sultur Chlorine Argon
22,8077 2436 & - - - 5 8 I i p 26,8154 B0 NI7376 206 %.453 3098
3s! 352 (ne) (IVB) (VB) vIB) (VIIB) | (VEB) | (IB) (11B) 3s23p! 3s23p2 3523p3 3523p* 3s23p® 3s23p*
K w|Ca 20(Sc 2 |Ti 2|V 2a|Cr 2|Mn s|Fe %|Co 7[Ni :s|Cu =|Zn x|Ga |Ge s As :|Se «|Br s[Kro a6
4 i Calci Secandi Ti Vanadium | Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
208 4008 449650 4790 509415 51956 549680 5845 56,0332 58,69 63546 65,400 67 7261 749216 7896 79.904 B
4s! 4s? 3d'4s? | 3d?4s? | 3d%4s? 3d%ds! 3d®4s? 3df4s? | 3d74s? 3df4s? | 3d194s1 | 3d194s2 |3d!04s24p’ | 3d'04s24p? | 3d!04s24p? | 3d!04s?4p* | 3d104524p" | 3d!94524p8
Rb :|Sr =|Y sw|Zr  w|Nb 4 |Mo #|Tc «=|Ru «|Rh s|Pd 4 Ag «|Cd  s|ln ©|Sn «|Sb s |Te |l sa|Xe s
5 Rubidium Strontium Yitrium Zi i Niobi Molybd Techneti Rutheni Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
E5.4678 8162 89050 a2 Qa064 BH el 101,07 1029065 1064 107868 12411 11482 187 121,760 12760 1269045 131298
5s! 542 4d'5s? 4d25s? | 4d45s! 4d55s! 4d°5s? | 4d’5s! 4d®5s! 4d'o 4d195s1 | 4d1955? |4d1955?5p! | 4d1955%5p7 | 4d'05s25p? | 40105525p? | 4d10655%6p* | 4d'05575p5
Cs =|Ba s=|La* s|HF »|Ta =W «~|Re |0s sl|Ir 7|Pt  ws|Au  w|HG &|Tl &|Pb &|Bi s|P0 & |At s|RN s
6 Cesium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.9054 137827 1389065 17849 180.9479 18354 186.2 1902 192 195078 19696565 2059 08383 2072 208.9804 2162 @10® 2
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Chapter2.4 \/||. The Periodic Table

e Columns: Similar Valence Structure H|=8& 35t = 22|& 4
0p)
D (D)
S g :
o (b
] N — O
o e
V5 o o
2 Metal D
(@) O QO =
T O 2
) 1 5) Nonmetal &
Period H | A A IVA VA VIA VIA
3] 4 Intermediate | 2 | 6 | 7 | 8 | 2 ¢ 10
Li | Be BlC]|N|]OI| F|]Ne
T T e 13| 14 | 15 | 16 | 17 | 18
Na|Mojws w8 v viB ViIB / VI" .. um{A [Si|P|S|CI|Ar éld agt%d from
19120 1 21 22 [ 23 | 24 [ 25 | 26 | 27 | 28 | 20 [ 30 | 31 | 32 | 33 | 34 | 35 | 36 gl.l' o
K |cal Ti| V| Cr|Mn|Fe|Co|Ni|Culzn|Gal|Ge|As|Se Brlkr| Calister7e.
37 | 38 | 30 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Rb| Sr i Zr INb /Mo | Tc [Ru|Rh |Pd|Ag|Cd|In|[Sn|Sb|Te | | Xe
55 | 56 | Rae 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 86
Cs|Ba!Z® Hf | Ta|W |Re|[Os| Ir | Pt |Au|Hg| Tl |Pb| Bi |[Po| At|Rn
87 | 88 1| A 104 | 105 | 106 | 107 | 108 | 109 | 110 . o
Fr|Ra! ™ | Rf |Db| Sg | Bh | Hs | Mt | Ds | Transition metal (o] =%):

. RPRA0E AL dAE 5L 1 & Awd 127) A4 £

Electropositive elements: Electronegative elements:
Readily give up electrons Readily acquire electrons

. : 48
to become + ions. to become - ions.



Electronegativity (27184 %)

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

Metal
IA 0
4 Nonmetal 2
A MA VA VA VIA VIA
3 4 Intermediate | 2 6 7 8 2 10
B C N
1 | 12 13 | 14 | 15 | 16 | 17 | 18
Vil .
mMB IVB VB VIB VIB v B8 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 | Rare | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86
ow|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. 49



Contents for today’s class
Atomic Structure

2.2 Fundamental concepts

« atom—  electrons — 9.11 x 1031 kg

protons
neutrons } 1.67 x 10" kg

2.3 Electrons in atoms

a. atomic models

Bohr’'s model + Wave-mechanical model
Al IS4 QXA

o=l

S SA0l *=CF Jt8= 83X 8

b. Quantum #s (& Xt=)

K.L,M N, O (1,23, etc.
s,p,d,f (0,1,2,3,...,n-1)
1,3,5,7 (-2 to +¢)

Ve, Vs

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

m, = spin

c. Electron configurations (& Xt8H <)

2.4 Periodic tab

BE gAE FI|8E Mo HR HiRI0) o) 25
E440| FAIHQI ¥} M 8Ol THs

N
|
Electronic Bonding
configuration Strength

Bohr vs. wave mechanical model

[+]
@& —
Wave
Bohr ] ; ey —
M mechanical GH—
model ]
model 5l
i -
] 3
: ) Bohr
| & model
r }
1
"—:—O«')..-r frm wle\-'.—é—- 10
[ e
I Iy I '\\ ]
17 I X :
{ | i
Ontital ectron & I‘N.m.« ; sz% —
i, 1 i
‘\\ ! / 15

A

Py wgy

NN

Wave =
mechanical
model

ex: Fe-atomic# = 26 1s?2 2s22pf 3s23p8 3db 4s?

ot
ooy | A
it

valence
electrons
M-shell n=3
Adapted from Fig, 2.4,
Callistar Te
L-shell n=2

K-shell n=1
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