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 Subatomic

 Crystal

 Microstructure

 Macrostructure

 Mechanical

 Electrical

 Magnetic

 Thermal 

 Optical

Materials Science and Engineering

Structure

Properties

Processing

Performance

 Sintering

 Heat treatment

 Thin Film

 Melt process 

 Mechanical
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Materials Science

 Investigating the relationships that exist between the 

structures and properties of materials

Materials Engineering

 Designing or engineering the structure of a material to 

produce a predetermined set of properties

Materials Science, 

Materials Engineering

Phase Transformation in Materials
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Materials Science and Engineering

공정(工程)

미세조직

(微細組織)
물성(物性)

Phase Transformation in Materials
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One of the Most Popular Structural Materials

; Iron-Carbon Alloy (or Steel)

Steel houseSteel frame of building

Phase Transformation in Materials
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Application of Iron-Carbon Alloy

Need of the strongest materials

K1 – main battle tank of Korea army

Phase Transformation in Materials
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Dominant Material for Airplanes

; Aluminum Alloy

B737-800 of Korean Air

Need of light, strong and tough material

Phase Transformation in Materials
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Strength of Materials 

Phase Transformation in Materials
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Bonding

primary bonding

 ionic bonding

 covalent bonding

 metallic bonding

secondary bonding

 van der Waals

 hydrogen bonding

Phase Transformation in Materials
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Ionic Bonding
 Occurs between + and - ions

 Requires electron transfer

 Large difference in electronegativity required

 An ionic bond is created between two unlike atoms with different 

electronegativities

 When sodium donates its valence electron to chlorine, each becomes an ion; 

attraction occurs, and the ionic bond is formed

Phase Transformation in Materials
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Example : Ionic Bonding

 Predominant bonding in Ceramics

Give up electrons Acquire electrons
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Covalent Bonding

Requires shared electrons

Example:  CH4

 C:  has 4 valence e, needs 4 

more

 H:  has 1 valence e, needs 1 

more

 Electronegativities are 

comparable Covalent bonding requires that 

electrons be shared between 

atoms in such a way that each 

atom has its outer sp orbital filled.  

In Si, with a valence of four, four 

covalent bonds must be formed.

Phase Transformation in Materials
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Covalent Bonding  Electron sharing

 Directional

SiO4
2-

diamond

CH4Cl2
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Example : Covalent Bonding

molecules with nonmetals

molecules with metals and nonmetals

elemental solids 

compound solids (about column IVA)

He 

-

Ne 

-

Ar 

-

Kr 

-

Xe 

-

Rn 

-

F 

4.0

Cl 

3.0

Br 

2.8

I 

2.5

At 

2.2

Li 

1.0

Na 

0.9

K 

0.8

Rb 

0.8

Cs 

0.7

Fr 

0.7

H 

2.1

Be 

1.5

Mg 

1.2

Ca 

1.0

Sr 

1.0

Ba 

0.9

Ra 

0.9

Ti 

1.5
Cr 

1.6

Fe 

1.8
Ni 

1.8

Zn 

1.8

As 

2.0

SiC

C(diamond)

H2O

C 

2.5

H2

Cl2

F2

Si 

1.8

Ga 

1.6

GaAs

Ge 

1.8

O 

2.0

c
o

lu
m

n
 I

V
A

Sn 

1.8

Pb 

1.8

Phase Transformation in Materials



Nano & Flexible 

Device Materials Lab.16

Metallic Bonding

 The metallic bond forms 

when atoms give up their 

valence electrons, which 

then form an electron sea.

 The positively charged 

atom cores are bonded by 

mutual attraction to the 

negatively charged 

electrons. 
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Metallic Bonding

When voltage is applied to a metal, the electrons in the 

electron sea can easily move and carry a current.

Phase Transformation in Materials
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Metallic Bonding

mechanical property

ductile

brittle

Ionic 
bonding

Metallic 
bonding
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Materials-Bonding Classification
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Materials and Packing

1.  Crystalline materials

 atoms pack in periodic, 3D arrays

 typical of:  - metals

- many ceramics

- some polymers

2.  Noncrystalline materials...

 atoms have no periodic packing

 occurs for: - complex structures

- rapid cooling

 "Amorphous" = Noncrystalline

crystalline SiO2

noncrystalline SiO2

Si Oxygen

Phase Transformation in Materials
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Unit cell

14 Bravais Lattice - Only 14 different types of unit cells are 

required to describe all lattices using symmetry

cubic hexagonal
rhombohedral 

(trigonal)
tetragonal orthorhombic monoclinic triclinic

P

I

F

C
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Metallic crystal system
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Better Material Properties

Microstructure Control

of Materials

Phase Transformation in Materials
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Transmission Electron

Microscope

Atomic Force

Microscope
Lamborghini - Countach

Materials ;

Assemblage of 

Atoms

What is Microstructure in Materials Science?

Phase Transformation in Materials
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Perfect Crystal is Good in many aspects, 

But…

 Imperfection in Metallic Materials ;

Point defect : Vacancies, 

Impurity atoms

Line defect : Dislocations

Plane defect : Grain Boundaries,

Free Surfaces

Bulk defec : Voids, Cracks

 Second Phase Particles in Matrix

Mechanical Properties ;

Magnetic properties

Electrical properties

Etc.

Phase Transformation in Materials
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Perfect Crystals without Defect

Carbon

Nanotubes

High strength, unique magnetic/electrical properties

Phase Transformation in Materials



Nano & Flexible 

Device Materials Lab.27

Grain Boundaries

Low Carbon

Steel

Optical

Microscope

Grain Boundary

Phase Transformation in Materials
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F100-PW-229

in F-16 fighting falcon

Grain boundaries

at high Temperature ;

Diffusion path of atoms

Creep

Turbine Blade

Reducing grain boundaries

A Example of Grain Boundary Engineering

Turbine Blade in Aircraft Engine

Phase Transformation in Materials
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SR-71

with armor of 

titanium alloy

It looks perfect.

But….

Edge

Dislocation

Line

Burgers vector

Dislocations

Phase Transformation in Materials
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Materials Science and Engineering

공정(工程)

미세조직

(微細組織)
물성(物性)
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Control of Microstructures ;Cold Work

조선시대

김홍도
“대장간”

현대의 단조기

Phase Transformation in Materials
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Hardening Mechanism by Cold Working

Accumulation

of dislocations

Deformation

or 

Cold work

Dislocation tangle

Before cold work

Aluminum alloy

Phase Transformation in Materials
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Changes of Microstructure & Mechanical 

Properties during Annealing

Phase Transformation in Materials
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Changes of Strength and Ductility by Cold 

Working
T
e
n

s
il
e
 s

tr
e
n

g
th

Percent cold work

D
u

c
ti

li
ty

Percent cold work
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전자석만들기

준비물: 대못(콘크리트못안됩니다.) 

에나멜선 3~4m, A4용지, 알코올램프
 맨처음나무젓자락에대못이들어가도록구멍을꿇

은후사진처럼알코올램프에못을달궈줍니다.

• 못을달구는이유는강철대못을연철로만드는과정입니다.

 정확하게못을달구는것만이아니고못을뜨겁게
달군후에천천히식혀주는과정이중요합니다.

• 이과정은 강철대못을 연철대못으로 만들어주는것입니다

 달구는과정에서못에있던탄소성분이날라가면서
연철로변하는것이죠 ^^

강철대못으로만들어도자석처럼작동을
합니다.

 하지만!!! 전기를끊어주어도계속자성을띄
는게문제죠 ^^ 즉영구자석이되어버립니다.

전자석이라하면전기를흘려줄때만자석
이되어야합니다.

Phase Transformation in Materials
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Hot rolling - cold rolling – 1st annealing – 2nd annealing

Transformer

Motor

Etc.

Soft magnetization property

Coils
Stacked transformer core

Production and Application of Electrical Steel

Phase Transformation in Materials



Nano & Flexible 

Device Materials Lab.37

Magnetization curves for

soft and hard magnetic materials

Goss

Texture

Transformer

Soft

Hard

Abnormal grain growth
900 m

Control of Magnetic property of Fe-3% Si 

Steel Sheet

Phase Transformation in Materials
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Using of Materials with

Improper Microstructure

성수대교붕괴 (1994.10.21)
Oil tanker

fractured in a brittle manner

Failures

Phase Transformation in Materials
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챌린저호 (1986) 컬럼비아호 (2003)

Phase Transformation in Materials
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What is Phase?

 A phase is a chemically and structurally homogeneous

portion of the microstructure.

T
e
m

p
e
ra

tu
re

 (
℃
)

Pressure (log scale) Phase diagram ;

equilibrium phase of material
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Phase Transformation of Iron and Atomic 

Migration

Pressure (log scale)

T
e
m

p
e
ra

tu
re

 (
℃
)

Face-Centered Cubic

Body-Centered Cubic

Atomic

Migration

at 1 atm

Phase Transformation in Materials
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Phase Diagram of Temperature –

Composition ;

Composition (wt%)

T
e
m

p
e
ra

tu
re

 (
°C

)

Liquid solution Liquid

solution

+

solid

sugar

Solubility limit

More useful in materials science & engineering

Phase Transformation in Materials
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Phase Diagram of Iron–Carbon Alloy

Composition (wt%)

T
e
m

p
e
ra

tu
re

 (
°C

)
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Equilibrium Phases of Iron-Carbon Alloy

Eutectoid composition

 phase

(FCC)

 phase

(BCC)

Fe3C 

phase

Atomic migration

by diffusion



Phase Transformation in Materials
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Mechanism of Precipitation

(1)

(2)

(3)

(1)

(2)

(3)

(1) (2) (3)

Atomic diffusion Precipitate
Matrix

atom

Alloying atom

Composition

T
e
m

p
e
ra

tu
re
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Ni3Si particles in Ni-6%Si single crystal

Dislocations

Second phase particle

in matrix material

Obstacle of

dislocation slip

& grain growth

High strength

Effect of Second Phase particle on 

Mechanical Property

Phase Transformation in Materials
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Precipitates

in aluminum matrix

Boeing 767 by AA7150 T651 alloy

High strength

Hindering dislocation slip

Control of Microstructures by Precipitation 

Transformation in Aluminum Alloy

Phase Transformation in Materials
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RD

TD

900 m

Abnormally grown grains

with Goss texture

Control of grain growth

Control of 

magnetic property

Abnormal Grain Growth in Fe-3% Si Steel 

Sheet produced by POSCO

Phase Transformation in Materials
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Deformed matrix Primary recrystallized (860oC) 900oC

1000oC 1050oC

( longitudinal-sectional view )
RD

ND

0.3mm

Observations of Grain Structure & Second –

phase particles using optical microscope

Phase Transformation in Materials
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Advanced Steels:  TRIP / TWIP

(transition/twinning-induced plasticity)

Phase Transformation in Materials
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Understanding and Controlling 

Phase Transformation of Materials

Phase Transformation in Materials
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Phase Transformation

Thermodynamics

Kinetics

G

Metastable

Unstable

Stable

barrier

Metastable

Phase Transformation in Materials



Nano & Flexible 

Device Materials Lab.53

Types of Phase Transformations

Diffusion- controlled phase transformation

 Generally long- distance atomic migration

• Precipitation transformation

• Eutectoid transformation

• Etc

Diffusion less transformation

 Short- distance atomic migration

 Martensitic transformation

Phase Transformation in Materials
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Non-Equilibrium Phases

Time-Dependency of Diffusion-

Controlled Phase Transformation

Need of Controlling

not only Temperature & Composition 

but Cooling Rate

Phase Transformation in Materials
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Transformation Kinetics and Isothermal 

Transformation Diagram

Logarithm of heating time, t

F
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Kinetics of diffusion-controlled

solid-state transformation

Isothermal transformation diagram Time (s)

T
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m
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)
y = exp(-ktn)
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Isothermal Transformation Diagram of

a Eutectoid Iron-Carbon Alloy

Time (s)

T
e
m

p
e
ra

tu
re

 (
℃
) Coarse

pearlite

Fine
pearlite

Rapid cooling

Slow cooling
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Control of Phases by Heat Treatment

Pearlite

(Fe3C+ferrite)

Heat Treatment

Phase & Microstructure

Properties of Material

Martensite ;

Non-equilibrium

phase

( Very hard )

Phase Transformation in Materials
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Martensite Tempered martensite

Tip of needle shape grain

Nucleation site of fracture

Brittle

Good strength, ductility, toughness

Proper

heat treatment

( tempering )

Very small & spherical shape grain

Control of Mechanical Properties by Proper 

Heat Treatment in Iron-Carbon Alloy

Phase Transformation in Materials
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Diffusionless Transformation

Martensitic transformation in Ni-Ti alloy ;

55~55.5wt%Ni-44.5~45wt%Ti (“Nitinol”)

Martensitic transformation in iron-carbon alloy

Shape memory alloy

Phase Transformation in Materials
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Difference of Deformation Behavior between 

Conventional Metals and Shape Memory Alloys

일반금속의 응력-변형 곡선 형상기억 합금의 응력-변형 곡선

응력

변형

응력제거

탄성영역 소성영역

영구변형 복원

가열

응력제거

응력

변형

Phase Transformation in Materials



Nano & Flexible 

Device Materials Lab.61

Principle of Shape Memory Alloys

Twinned martensite

Detwinned martensite

Ni-Ti alloys

Y. Liu, Z. Xie et al, Scripta Materialia, 

1999

Phase Transformation in Materials
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Applications of 

Shape Memory Effect & Super-elasticity

물의 온도를 항상 일정하게
유지시켜주는 형상기억온수밸브

형상기억합금으로밸브를
개폐하는커피메이커

인체와의접촉성이좋고
외력에의한 변형이없는 안경테

로봇의관절부위에사용되어진
형상기억합금작동소자

Ti-Ni형상기억합금을
이용한휴대폰안테나

Phase Transformation in Materials
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Contents in Phase Transformation

Thermodynamics (Ch1)

Kinetics- Diffusion (Ch2) 

Microstructure- Interface, Grain structure (Ch3)

Liquid  Solid (Ch4)

Solid  Solid (Diffusional) (Ch5)

Solid  Solid (Diffusionless) (Ch6)

Phase Transformation in Materials


