Introduction to Materials Science and Engineering 2019

Lecture title: Introduction to Materials Science and Engineering

o
Course Code (W =815
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o

: 445.102A Lecture number (& £t 21 S5): 002
Professor: Park, Eun Soo )
Office (& 7 4&!): 33Z 3135
Office B (H =X ): 02-880-7221
e-mail (&8 A< H): espark@snu.ac.kr
Class hour(Z 2| Al 2H): Tuesday, Thursday 12:30 — 13: 45
Lecture room (& 2| &!): 33-225 (Classroom: Bldg. 33, Rm 225)
Lecture homepage (Z &2t & S| O] Xl): http://etl.snu.ac.kr/

Office hour(™H & Al 2}) : By appointment via email



Textbook and references

Main text: William D. Calister, Jr. "Materials Science and
Engineering: An Introduction," , John Wiley & Sons, Inc.

Reference:). F. Shackelford, "Introduction to Materials Science
For Engineerings,” Prentice Hall Inc,,

Grade

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

« Midterm1(25%), Midterm2(25%) Final exam (40 %),

« Homework 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

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
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. 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

riod Grou
Pud ime GKoSue
. -t KOREAN GHEMICAL SOCIETY 18
(1A) B ato] AFE H F=4 (VIIA)
He -
1 Current ACS and IUPAC pretferred. e
13 14 15 18 17 Ao
- (1A} {Iva) (VA) (VIA) (VIIAY ! 1587
Mass number of most P B o Atomic weighls are based on carbon—12, L T A
stable or best-known Symbol 0 B Anber Atomic weights in parentheses indicate the 7 (0] a|F s|Ne 1o
2 isotope o Oxygen Name mosl stable or besi-known isotope, Oxygen Fluorine Neen
Dptass of the isotope of wolghi | 159984 15,9004 wewe0 | 217
longes! hali-life 2s8apd| L Cloclon, 2s%2p% | 2s%2p° | 2572p0 |

Transition elements

[ 7 8 9
(VIB) (VIIB) | (ViB)

-

4
(IvB)

[ IMetal [ ]Semimetal [ |Nonmetal

Inner transition elements

Lanthanide series E

Actinide series "‘;



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
iIntermediate between metallic conductors
and ceramic insulators. Also, the electrical
properties are strongly dependent upon
small amounts of impurities.



Youngs modulus, E (GPa)
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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

“Materials Science and Engineering”

Microstructure Properties

down to atomic scale

“Tailor-made Materials Design”
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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 * no grain boundaries

15



Atomic structure

Short-range order

> Periodic order
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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 N = Z=H: 1) perfection vs imperfection control

Perfect Crystals without Defect
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High strength, unique 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 ;
Line defect : Dislocations Magnetic properties
Plane defect : Grain Boundaries, Electrical properties
Free Surfaces Etc.

Bulk defect : VVoids, Cracks

 2) Second Phase Particles in Matrix

20



1) Imperfection: Grain Boundaries
(Planer defect)

Grain Boundary O

Grain boundary

N

P e o ——— - ——————

Optical
Microscope

Grain B



1) Imperfection: Phase Boundaries
(Planer defect)

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

-,

JEOL 7500F-1
s

.

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



1) Imperfection: Dislocations (line defect)

SR-71
~ with armor of
~__ titanium alloy

It looks perfect.

Edge

Dislocation ““‘W
Line g -

LI
||||\||I|'u!'n!”u.'l“




1) Imperfection: Voids during solidification

Narrow freezing range Wide freezing range

Shrinkage effect

w
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Percent alloying element
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Using of Materials with Improper Microstructure

Faillures

Oil tanker
fractured in a brittle manner

26




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

Temperature (°C)

Equilibrium Phases of Iron-Carbon Alloy
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O|M|+Z= =7: 2) Secondary phase control during annealing

Mechanism of Precipitation

Solution heat
treatment
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O|M|+Z= =4: 2) Secondary phase control

Effect of Second Phase Particle
on Mechanical Property

Dislocations

N

Second phase particle
in matrix material

. 2

Obstacle of
dislocation slip
& grain growth

. 3

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

'Y

30



O|M|+Z= =4: 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




ing processing

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

J

tructures

Control of Micros

Cold Work
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O|M|+Z= =F: 2) Secondary phase control during processing

Hardening Mechanism by Cold Working

Before cold work

Dislocation tangle

Accumulation
of dislocations

33



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

Changes of Strength and Ductility
by Cold Working
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O|M|+Z= =F: 2) Secondary phase control during processing

Changes of Microstructure & Mechanical Properties
during Annealing

Annealing temperature (°F)
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gadid + SE=E =» 58 IHe

Production and Application of Electrical Steel

Hot rolling - cold rolling — 15t annealing — 2"9 annealing

5 won & A oY
Stacked transformer core

Coils -

Transformer
Motor
Etc.

Soft magnetization property 36




Abnormal Grain Growth
In Fe-3%Si 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
« Solidification: Liquid == Solid

* Phase transformation in Solids

1) Diffusion-controlled phase transformation ;

Generally long-distance atomic migration

- Precipitation transformation

- Eutectoid transformation ( S mm) S1+ S2)
- efc.

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




b=
Q

Fraction of transformation, y

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

Y Austenite mm) O Ferrite + Fe;C graphite
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Temperature (°C)

800

Control of Phases by Heat Treatment

700

| ] | I ] l
A =
Eutectoid temperature

600 Non-equilibrium phase
( Very hard )
500
Pearlite
400 (Fe;C+ferrite)
300
N — | Heat Treatment | 34 x=H
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Control of Mechanical Properties by

=)
=)

Tip of needle shape grain

Nucleation site of fracture

Brittle

¥ heat treatment
( tempering )

=)
=)

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
e g
[ I \{_\’ ‘\»_ /X
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~ o  ETTPTTRTY
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)

SO W il

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¢ 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?



Top 10 most expensive diamonds (2/2)

iT .03.05.07 10 15 .20 .25 .33 .40 50 .65 .75 .85 100 125 150
-
1ct 2 ;

0000000000000 0O00O =

DTH 20 25 27 30 34 38 41 44 48 52 56 59 62 65 70 74

6.00 7.00 8.00

WEIGHT 175 200 225 250 3.00 400 5.00
H 78 82 86 9.0 93

10.2 110 1.7 124 13.0

Sancy Diamond Kohinoor
55 carat, $ not estimated. 105 carat, $ not estimated
Purest form of diamond

The great Mughal of India



2) Improvement — Microstructure Control




2) Materials for Bio-Medical Application
-Should be failure-proof




Copying from the Nature

Crystal planes




Development of ultra-high tough composites

/Iﬁ Biological materials

Organic / CaCo
materials 3

T ol Thickness 8 : <~ 0.5 um

Bio-inspired materials Wavelength A < ~ 0.5 4m

thin layers

Ceramic Brick &

I o e Brick & Mortar

e Rl R

PMMA / AL,O,

Thickness d: <5~ 10 um
Wavelength A <11 ~ 12 /m

Ceramic Brick & Metal mortar BMG / A1203

structure

High strength: > 2 GPa
Large elastic limit: ~ 2 %



A1203 Ceramlc Brick & Zr-BMG mortar comp051tes
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“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 Ryu?, Bernd Gludovatz®, Jinyeon Kim®€, Antoni P. TomsiaZ,
Takehiko Ishikawa’, Julianna Schmitz®, Andreas Meyers, Markus Alfreider®, Daniel Kiener@ °,
Eun Soo Park(® ? & Robert O. Ritchie(® 2

Bicinspired ceramics with micron-scale ceramic “bricks” bonded by a metallic “maortar” are
projected to result in higher strength and toughness ceramics, but their processing is chal-
lenging as mefals do not typically wet ceramics. To resclve 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,O5; with a glass-forming compliant-phase change with infil-
tration temperature and ceramic content, leading to a trade-off between flexural strength
(varying from B89 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/mefal 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,

2019-09-03 54



2) Microstructure of optical fiber

= lattice parameter: unit cell x-

shear strain (6.2)
mte change In a paramet
. ¥ strain (6.2)

dielg

high temp e, = diele
sodium vapor lamp TR

Al © m = viscosity (127)

opaque translucent




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 :

Kevlar 20-30
ropes

Branched polymers : flexible shampoo
bottles and milk jugs

Cross-linked polymers : Car tires and
bowling balls




3) Improvement : Phase transformation

Boeing 777

Ol T (47 °C) Ol & X
Qe 2
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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.

. 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

FW-190

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

F-14 Tomcat

1970’s Steel + Titanium alloy



c. Space Shuttle
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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/m?

c-ii) Other forms of materials

Porous and Cellular Materials
Space Shuttle Thermal Tile

Return to catalog.

4 T ~_ 0.10 - -
I ! ! £ ! T T T We are pleased to be an authonzed retad dealer of
POLYETHYLENE % _ MULLITE Space Shuttle thermal tile material. This actual plece of
o1 CON}pre.f:gion 44 4 5908 €=1073s; /s =0.08 | thermal tile matenal was made i the late 1970's for the
€=88x1072 =16 x10™7s @ s ) space Shuttle Colurpebia, the first shuttle to fly m space.
Densificati E 0.06 H Linear Densification—» {This tile material is not from the loss of STS-107.
ensification w elastic i It comes from the same lot of material originally
3.6 . @ Plateau installed on Celumbia.) Thermal tiles are made of a
w=Densitym | 34 &n 0.04 7 . . : :
(g/em3) - u foam glass" matenal. Each Space Shuttle contains more
, - P than 34,000 separate tles, each specifically cut for its
Linear elasticity = 0.02 — . .
Plateau S owtl location, to protect the Shuttle when reentering the
attmosphere.
0 | 1 | |
0 02 04 06 08 1.0 0 0.2 0.4 06 08 IO . . . .
ENGINEERING STRAIN ENGINEERING STRAIN P.ackagmgmcludes a cle_a.r plast:t_c boxmth an authentic
@) piece of Space Shuttle tile matenal resting on a sky blue
(b) foam msert. This 15 an excellent educational item for kids
and a must for collectors. The tile matenial can be Price:
Tice:
ordered below. Please also see below for more $15.95

information and the history on how this tile material

i'C.e:ll
ular cor . . . i
core became commercially available. Supplies are limited, so

.::(S

olid skin
order now!
Sandwich Structure
(c} + Ttem: T1
Figure 1.31 Compressive stress-strain curves for foams. (a) Polyethylene o Plastic display boxis 22 2 = 1 nches.
with different initial densitics. (b) Mullite with relative density Px/ Ps = 0.08 + The tile matenal 1z a 1/2" piece {etther square or tnangular)

(adapted from L. J. Gibson and M. F. Ashby, Cellular Solids: Structure and : 3 i 1C1
P{'f)pe;'ffe_v (Oxford, UK: Pergamon Press 1988), pp. 124, 125). (c) Schematic o Bach plgce mcludes a C_Emﬁcate of authenticity. :
of a sandwich structure. + Mote: Tile matenal 15 brittle and has a chalky fitm. This film can get on ¥our hands

and irrtate the skin if the matenal 12 handled directly. Therefore we recommend
keepmg the tile materal m its plastic dizplay bozx
s Order form



d) Combination of Materials
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Detailed view of transistor

ADF image EDS mapping

| itgn ) Titanium

Single crystal Si



Moore’s Law

“The number of transistors incorporated in a chip
will approximately double every/ZA/months”
18
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