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1 : Introduction

1- 1 Historical Perspective

Brief Historical Overview

Paleolithic (40,000-100,000 yrs ago): Stone tools and clay pots

Mesolithic (10,000-40,000 yrs ago): Extensive use of stone tools and clay,
stone statues, ochre (pigment)

Copper Age (5,000-10,000 yrs ago): Copper ornaments, earthenware,
metal smelting

Bronze Age (3,000-5,000 yrs ago): Bronze (Cu/Sn), glass, iron smelting

Iron Age (1000-3000 yrs ago): Carburized Iron, improved forging, Porcelain
Steel and concrete (100 _ 1000 yrs ago)

Polymers (beginning early 1900s)

Silicon (60s _ )
The present: Age of bio- and nano- materials?

Materials can define society !!



1- 2 Materials Science and Engineering

The discipline of materials = science involves inuestigating g the: relationshipsos thatt
exist! betiveern the> stiuctureses amd propedies:s off matésialsis.

Structure «: the: arrangement ' of its internal:' component

Subatomic structure : electrons within the individual atoms and interactions with their nuclei.

molecular/crystal structure : the organization of atoms or molecules relative to another.

Microscopic structure : larger groups of atoms that are normally agglomerated together.

Macroscopic structure : structural elements that may be viewed with the naked eye.

Property : a trait’ in terms: of the: kind' and' magnitude - of response- to a specific. imposed
stimulus:. (independent of material shape and size)

- mechanical / electrical! / thermal / magnetic / optical / deterniorative

In contrast, materials = engineering Is, on the basis of these structure:-property
correlations;. designing or engineering the structure: of a material to produce a

predetermined set of properties.



Performance _ o
Materials Engineering

Designing the structure to achieve specific
properties of materials.

Structure Processing

Properties

Materials Science
Investigating the relationship between structure
and properties of materials.
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Properties depend on structure !!
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1- 3 Classification of Materials

Bonding Properties Applications
- High electrical/thermal conductivity Electrical conductor
Metals Metallic - High ductility, Rel. high strength Automobile engine blocks
- Poor corrosion resistance Wrenches
. - High strength, stiffness, and hardness .
lonic : ) Window glass
: - High thermal, wear, and corrosion ;
Ceramics / . Refractories
Covalent resistance Transducers
- Low electrical / thermal conductivity
PolVTErs Covalent - Extremely flexible Food packing
y Van der Waals | - Low electrical / thermal conductivity Encapsulation of IC
. - Properties unobtainable in single Aircraft components
Composites

component

Cutting tools




2 ' Atomic Structure and Inter - atomic Bonding



Atomic Structure
2- 2 Fundamental Concepts

Atom = Nucleus(=Protons + Neutrons) + electrons

Charge=1.60*101°C
Mass=9.11*103! Kg for a electron / 1.67*102?7 Kg for a proton or neutron

Atomic number(Z) : The number of protons in the nucleus
Neutron number(N) : The number of neutrons in the nucleus

Atomic Mass Unit (amu) = defined as 1/12 the atomic mass of carbon (2Cf)
CS=6protons+6neutrons=12(protons and neutrons)
= the mass of a proton or neutron(1.67*1027 Kg)

CS=12(protons and neutrons)=12 amu

Atomic mass(A) : The sum of masses of protons and neutrons within the nucleus = Z+N
1 amu=1.67*102%* g => 19=(1.67*102%)1 amu = 6.023*10%2 amu = N, amu

1 mole of C®= N, * C =N, * 12 amu = 129
1 mole of ®®*=N,* O® =N, * 16 amu = 16g



2- 3 Electrons in Atoms

Orbital electron
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N : principal quantum number

| : azimuthal quantum number

IM : magnetic quantum number

S : spin quantum number
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Principal Number of Electrons

Quantum Shell Number
Number n Designation Subshells of States Per Subshell Per Shell
1 K s 1 2 2
s d 2
2 L 2 3 6 8
3 1 2
3 M p 3 6 18
d 5 10
s 1 2
p 3 6
4 N J 5 10 32
i 7 14




2-4 The Periodic Table Atomic

Element Symbol Number Electron Configuration
. . Hydrogen H 1 15!

Electron Configurations S s 5 i
Lithium Li 3 15%2s"
Beryllium Be 4 15%2s*
Boron B 5 15%2s%2p!
Carbon C 6 15%25s%2p*
Nitrogen N i 1522s%2p°
Oxygen @) 8 1s%2s%2p*
Fluorine F 9 1s%2s%2p°
Neon Ne 10 15%25%2p°®
Sodium Na 11 15°25s%2p°3s?
Magnesium Mg 12 15225%2p°®3s?
Aluminum Al 13 15%25%2p®35%3p!
Silicon Si 14 15%25s%2p°®3s%3p?
Phosphorus P 15 15%25%2p°3s%3p°
Sulfur S 16 15%25%2p°3s%3p*
Chlorine Cl 17 15°25s%2p°3s%3p°
Argon Ar 18 1s%25%2p®35%3p°
Potassium K 19 15%25%2p®3s*3p°4s!
Calcium Ca 20 15°25*2p°3s*3p°4s?
Scandium Sc 21 15°25%2p°35%3p°3d' 45>
Titanium Ti 22 15225%2p%35%3p©3d*4s>
Vanadium \% 23 15225%2p®35%3p®3d°4s®
Chromium Cr 24 15°25%2p®35*3p°3d°4s’
Manganese Mn 25 15%25%2p°®35°3p°®3d°4s”
Iron Fe 26 15°25%2p®35%3p°3d°4s*
Cobalt Co 27 15°25%2p°35%3p©3d’ 45>
Nickel Ni 28 15225%2p°®3s23p°3d®4s”
Copper Cu 29 15%25%2p®3523p®3d'4s!
Zinc Zn 30 15%25%2p°3s*3p°3d" 45>
Gallium Ga 31 15%25%2p®3s23p®3d'4s%4p!
Germanium Ge 32 15%252p°3s*3p©3d'4s%4p*
Arsenic As 33 15°25%2p°3s23p®3d'4s%4p3
Selenium Se 34 15°25%2p°3s%3p°3d" 4s°4p*
Bromine Br 35 15%25%2p®3s*3p°3d'4s%4p°
Krypton Kr 36 15%25%2p®3s*3p®3d"'45°4p®

“ When some elements covalently bond, they form sp hybrid bonds. This is espe-
cially true for C, Si, and Ge.



Metal
IA Key 0
1 29 < Atomic number Nonmetal P)
H Cu =<t+— Symbol He
1.0080| A 63.54~__ _ _ 1A IVA VA VIA VIIA | 4.0026
3 3 Atomic weight | 5 3 = g 3 0
2 % Intermediate B c N o} k. Ne
6.941 | 9.0122 10.811 | 12.011 | 14.007 | 15.999 | 18.998 | 20.180
11 12 13 14 15 16 17 18
Na Mg Vil Al Si P O Cl Ar
22.990 | 24.305 | B IVB VB VIB VIIB / = \ IB IIB | 26.982 | 28.086 | 30.974 | 32.064 | 35.453 | 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 i35 36
K Ca Sc T vV Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.098 | 40.08 | 44.956 | 47.87 | 50.942 | 51.996 | 54.938 | 55.845 | 58.933 | 58.69 | 63.54 | 65.41 | 69.72 | 72.64 | 74.922 | 78.96 | 79.904 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
85.47 | 87.62 | 8891 | 91,22 | 9291 | 95.94 (98) 101.07 | 102.91 | 106.4 | 107.87 | 112.41 | 114.82 | 118.71 | 121.76 | 127.60 | 126.90 | 131.30
55 56 Rare 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba earth Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.91 | 137.34 | series | 178.49 | 180.95 | 183.84 | 186.2 | 190.23 | 192.2 | 195.08 | 196.97 | 200.59 | 204.38 | 207.19 | 208.98 | (209) | (210) | (222)
87 88 Acti- 104 105 106 107 108 109 110
Fr Ra nide Rf Db Sg Bh Hs Mt Ds
(223) | (226) | series | (261) | (262) | (266) | (264) | (277) | (268) [ (281)
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Rare earth series La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
138.91 | 140.12 | 140.91 | 144.24 | (145) | 150.35 | 151.96 | 157.25 | 158.92 | 162.50 | 164.93 | 167.26 | 168.93 | 173.04 | 174.97
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinide series Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
(227) | 232.04 | 231.04 | 238.03 | (237) (244) (243) (247) (247) (251) (252) (257) | (258) (259) (262)




Atomic Bonding in Solids N

\ Attractive force Fy
2-5 Bonding Forces and Energies & ¥
:] \
<
R,
2 0 - _ .
S | // Interatomic separation r
- § : / Repulsive force Fpp
oN ] l e i
o o |
3 & Net force Fiy
=3 I
) I
m }
o ) !
é : (a)
> _ AEg |
m oW e N o
|‘<~1— Repulsive energy Ep
> =~ |
. S |
Position, r gT \ i
R 3 \!
& & '
&« \ : ;
c N Interatomic separation r
2 0 L
S J [
Determine T , S ~<1— Net energy Ey
o
o

Attraction
é_

,4— Attractive energy E4

(b)



Properties From Bonding : T |,

A Energy A

@aml b Jcl er f

smaller 7,

larger 7,

4 ‘\/VVV\/‘l_' 7., is larger if £ is larger.




Properties From Bonding :

Coefficient of Thermal Expansion (CTE) , a

Lo

>
h d,
unheate 7'1 , L/Lo — (Tz' T 1)

heated, 7'7

Wi 7%

Energy
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is larger If £ is smaller.




Table. Bonding energies and melting temperatures for various

substances
Bonding Energy Melting
eV/Atom, Temperature
Bonding Type Substance kJ/mol Ion, Molecule (°O)

fomie NaCl 640 33 801
MgO 1000 Bl 2800

Cavilat Si 450 4.7 1410
C (diamond) 713 7.4 >3550

Hg 68 0.7 -39

Metalli Al 324 34 660
e Fe 406 4.2 1538
A\ 849 8.8 3410

Ar 7.7 0.08 —189

van der Waals Cl, 31 0.32 _101
NH; 35 0.36 —78

Hyrdragen H,O 51 0.52 0




2-6. Bonds

Classifications

Source

Examples

Metallic Bonding

Free electron clouds

Jg* L_* Ke*

Hydrogen Bonding

Permanent dipoles

Primary
Bonding lonic Bonding Ioca;ll-irzaenoISfeelrerce:t?ons NaCl MgO, H,M*
( )
Covalent Bonding Shared electrons C, Si, SiC* 2, 10,, CH,*
Van der Waals : . : : (L
Secondary Bonding Induced dipoles Ar:Ar, H,:H,, N,:N,, CH,:CH,
Bonding
( )

H,0:H,0, HCI:HC!




2- 6 Primary Interatomic Bonds
lonic Bonding

Covalent Bonding

Shared electron

Shared electron from carbon

from hydrogen

Metallic Bonding

lon cores

OO0
OO0
0/010/0
0000

Sea of valence electrons




Metallic Bonding

0/0'0!0
OO0
OOO0
0006

|
Sea of valence electrons

Rfc t_jclac cjcarpmlqg md _r mdegtroncgoed e gnipsea s n
ofelectrons * wuf gaf qgsppmsl b nmggrgtc gml q,

Total charge of free electrons = net positive charges of metal ions
Non directional bonding
Good conductor for both electricity and heat due to the free electrons



Covalent Bonding

%

/ Shared electron
——o&— from carbon

"

J»/

Shared electron
from hydroge

= //6\\/ \

Bonding between atoms: very strong
Bonding between molecules: very weak (low m.p.)

Covalently bonded materials :
Diamond, C, Ge, Si, SiC, SiN,, B,C, GaAs
Covalently bonded, but molecular materials :
Methane CH, (atomic E ;=396KCal/mol, but molecular E ;=2.4Kcal/mol thus m.p.=-/ 6 1



2-7 Secondary Bonding : between molecules

Secondary bonding exists between virtually all atoms or molecules.
(for the atoms with filled outer shells, such as inert gases or covalently bonded molecules)

Weak bonding in comparison to the primary bonding
& ml bgle cl cpew /. | H- k mj ; .,/ ¢T- _rmkaq'

(1) Van der Waals Bonding

Fluctuating Induced Dipole Bonds (Vibration)

Atomic nucleus

Atomic nucleus O
E Ex) Ar-Ar,

lectron cloud
Electron cloud 1 H2- H2,
(a) (b)

Polar Molecule- Induced Dipole Bonds

4
e—©



(2) Hydrogen Bonding

Permanent Dipole Bonds

Ex) HF HF
- HCHHCI
L H,0-H,0
Hydrogen
bond

Arrangement of Water (H ,0) Molecules

H_ 0 H H
H ) Hydrogen bond

) / H
@ H Water Ice :

(b)

(a)



3 The Structure of Crystalline Solids



3- 1 Fundamental Concepts

Crystalline Materials: long -range order exists

Non crystalline Materials: short -range atomic order

crystalline SiO 2 noncrystalline SiO 2



3-2 Unit Cell - The basic structural unit of a crystal structure
_ Parallelepipeds or prisms having three sets of parallel faces
_ Crystal structure is  represented by translations of unit cell
FCC, BCC, or HCP

(a) (b)

(c)



3- 3 Metallic Crystal Structures

Simple Cubic Structure (SC)

Volume of atoms in unit cell*

APF = :
Volume of unit cell

JL R=0.5a

_ Coordination number: 6
The number of nearest neighbor atoms

volume
atoms 4 o pry—
unitcell ™ —x (0.5a)3
APF = =0.52

3
a~ «__ volume
unit cell




Body- Centered Cubic Structure (BCC)

Coordination Number = 8

Atoms in a unit cell = 2

APF =0.68
atoms
4 volume
: ~a o 3 -—
unit cell 2 —mn(/3a/4) =tom
APF =

3 volume
a- a—

unit cell



Face- Centered Cubic Crystal Structure (FCC)

Coordination Number = 12

Atoms in a unit cell = 4

APF = 0.74 APF = 4%(4/3 FR®)/a3 2 P;






Hexagonal Close Packed Structure (HCP)

(a) (b)

Coordination Number = 12 a , o(ft* _;,0(P

APF =0.74 c/la=1.633
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Table 3.1 Atomic Radii and Crystal Structures for 16 Metals

Atomic Atomic
Crystal Radius® Crystal Radius
Metal Structure” (nm) Metal Structure (nm)
Aluminum FCC 0.1431 Molybdenum BCC 0.1363
Cadmium HCP 0.1490 Nickel FCC 0.1246
Chromium BEC 0.1249 Platinum FCC (0.1387
Cobalt HCP 0.1253 Silver FCC (0.1445
Copper FCC 0.1278 Tantalum BCC 0.1430
Gold FCC 0.1442 Titanium («) HCP 0.1445
[ron («) BCC 0.1241 Tungsten BCC 0.1371
Lead FCC 0.1750 Zinc HCP 0.1332

“FCC = face-centered cubic; HCP = hexagonal close-packed; BCC = body-centered cubic.

” A nanometer (nm) equals 10"? m; to convert from nanometers to angstrom units (A),
multiply the nanometer value by 10.



3- 4 Density Computation - Metals

Atomic Weight * No. of Atoms

Density = T
Unit Cell Volume
or
Molar Atomic Weight * No. of Atoms
Density = T

Sl gr Acjj Tmjskc ( ?tme_Db



3- 5 Polymorphism and Allotropy

- Polymorphism:
the ability of a solid to exist in more than one form of crystal structure
(SiO,: Quartz - Trydymite, ZrO ,: Monoclinic- Tetragonal - Cubic, BN: cBN-hBN)

Allotropy:
polymorphism found in elemental solids
(C: graphite(low P) -diamond(high P), Fe: BCC(RT} FCC(High T))

13.2°C
Cooling

White () tin Gray («) tin



3- 6 Crystal Systems : Classification of the external appearance of unit cells

1. Cubic
2. Tetragonal
3. Orthorhombic
4. Hexagonal
5. Rhombohedral
5 6. Monoclinic
A 7. Triclinic

- Lattice parameters
Edge lengths(a, b, ¢) and Inter -axial angles ( )



Crystal Systems

Originals Derivatives
a=b=c, = = =90 : Cubic a=b=c, = = 7 . : Rhombohedral
a= a = = =90 :Tetragonal a= =90, =120 : Hexagonal
. ,a A : Monoclinic
_ .a = = =90 : Orthorhombic
To,a 7 . :Triclinic




Axial
Crystal System Relationships Interaxial Angles Unirt Cell Geomerry

Cubic a=b=c G By e O
o
nﬂ /
ABE2h
T
Hexagonal a=b#c a=p=9,y=120° ||| HE
g s o
a ‘o

Tetragonal a=b#c a=p=y=9%q°




Rhombohedral
(Trigonal)

Orthorhombic

Monoclinic

Triclinic

a*b#c

a¥b#c

a#*b#c

a=B=y+%N
a=y=9"#p

a#FB#Fy#FA




3- 7 Crystallographic Directions . defined as a vector between two points

V=ua+vb+wc : [uvww] Its family : <uvw>

e

(a) (b)
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u* =n(2u-v)/3
V¥ =n(2v -u)/3
t* = -(u*+v¥)

W* = nwW
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3- 8 Crystallographic Planes

Kgjjcp Gl bgacqg8 &f i |
Its family : {hkl}

Pcagnpn

z (001) Plane referenced to
A / the origin at point O

(110) Plane referenced to the
A / origin at point O

Other equivalent
b————— (001) planes

/ Other e}{uivalent
X (110) planes




z
4 (111) Plane referenced to
the origin at point O

Other equivalent}
(111) planes



(b)

(b)

(a)



-1
(0 -10)
(0 -110)

/

L

}.’—_—-P‘

4

(A7

S1-11/2
(-1-12)

(-1-122)

(13<

(b)

B e e

/
A3 —=

1-1-1/2
1-1-2)
(1-10 -2)

/
A3

a,

(d)

a,

a3—<=——

(1011)

(0001)



3-9 Close - Packed Crystal Structures




(a) (b)






3- 10 Single Crystals and Polycrystalline Materials

Single Crystals
. A crystalline solid for which the periodic and repeated atomic pattern extends
throughout its entire arrangement without interruption

Polycrystalline Materials
. Crystalline solids composed of a collection of many small crystals or grains
- Crystallographic orientation varies from grain to grain

- Grain Boundary
. the interface separating two adjoining grains having different atomic
orientations




A%

o i

(a) (b)

fc) (d)




3- 11 Anisotropy

. exhibits different values of a property
In different crystallographic directions |sotropy

Table 3.3 Modulus of Elasticity Values for
Several Metals at Various Crystallo-
graphic Orientations

Modulus of Elasticity (GPa)

Metal [100] [110] [111]
Aluminum 63.7 72.6 76.1
Copper 66.7 130.3 191.1
[ron 125.0 210.5 272.7

Tungsten 384.6 384.6 384.6



3- 12 X- ray Diffraction: Determination of Crystal Structures

1 A i
Incident Diffracted
beam \ beam
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Intensity

o

(111)

Diffraction angle 26

i (222)

= (400) (B31) (400) (422
— | — l - —{ —= * | + J =: J; L
.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0



3- 13 Noncrystalline Solids

Lack of a systematic and regular arrangement of atoms over relatively
large atomic distances

@ Silicon atom
@ Oxygen atom

{a) (b)



4 Imperfections in Solids



4-1 Introduction

[Imperfections in Solids]

Point Defects
- Intrinsic Point Defects : Vacancies, Interstitials
- Extrinsic Point Defects : Substitutional, Interstitial Impurities

Linear Defects
- Dislocations: Edge dislocations, Screw dislocations

Planar Defects
- Twin Boundaries, Stacking Faults
- Grain Boundaries, Surfaces, Inter - phase boundaries

Volume Defects
- Pores, Cracks, Inclusions, Second Phases




4- 2 Point Defects

(@) Intrinsic (b) Extrinsic
©@ © © © © O ©@ © © © © O
©@ © © © © O ©@ © © © © O
@ © O @ 0 O © © @ © © O
©@ © © © © O ©@ © © © © O
@) @
©@ © © © © O ©@ © © © © O
©@ © © © © O ©@ © © © © O
Vacancies Substitutional Impurities
Self - Interstitials Interstitial Impurities

4- 3 Impurities in Solids

Substitutional solid solution
Solid Solution I:
Interstitial solid 'solution
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4- 4 Linear Defects : Dislocations

Edge dislocation : The lattice distortion produced in the vicinity of the end of an extra

half - plane of atoms within a crystal
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Burgers vector

Edge
dislocation \\‘&Q{\‘\‘\%&\\” / .////.””

line

Qm, _




s
b/ dislocatian_line







Screw dislocation : The lattice distortion created when normally parallel planes are

joined together to form a helical ramp.

b// dislocation_line
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4-5 Interfacial Defects

External Surfaces : Surface atoms are not bonded to the maximum number of
nearest neighbors, and are therefore in a high energy state than the atoms at inner
positions

Terrace
Kink Ledge

Vacancy



Grain Boundaries :

k2
L ¥

Angle of misalignment

e

A
&
) ~
/-
/
/
S | R

. High-angle
) ﬁ grain boundary
_— Small-angle
/ grain boundary
\ -

S
et
I

I

I S

Angle of misalignment

-

2

High angle grain boundary Low angle tilt boundary






Twin Boundaries : A special type of grain boundary across which there is a specific
mirror lattice symmetry .

L 2 L 2 Twin plane (boundary)
L \ 4
® @
° ' 3

Stacking Faults, Phase Boundaries : An error in the stacking sequence of close - packed
planes . Ex) ABCABABCABC -- in FCC
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Vs area lm?2 m?2 m
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4- 6 Microscopic Examination

Optical Microscopy
- Grinding ->Polishing ->(Thermal/Chemical) Etching ->Observation

fa)

Polished and
etched surface

/
/S
/

1«1 NG

(c)

Fig. Microstructure of Brass X60



B0 -
' ' Microscope

' TR | P ¥ W ¥ o ¥
3 C Polished and

etched surface
| | ¥

Surface/
_groove

Grain bou ndéry

(a)

(b)

Fig. Microstructure of Fe - Cralloy X100



Electron Microscopy :

- Scanning Electron Microscope (SEM) : Secondary/Back

- Transmission Electron Microscope (TEM/STEM) : Transmitted Electron

- Scanning Probe Microscope (SPM) : Atomic Resolution

- scattered Electron  -> Topology

- >crystallography

Useful resolution ranges (m)

10-12

10-10

10-8

10-6 104

10-2

Scanning probe microscopes

! I

|

‘ l

Transmission electron microscopes

Scanning electron microscopes

Optical microscopes

Naked eye

|

10°

Useful resolution ranges (nm)

108

108







5 Diffusion (



5- 1 Introduction Diffusion : Movement of atoms within a material

- Self-diffusion : diffusion in pure solid materials
- Interdiffusion : diffusion in alloys

—p
Diffusion of Cu atoms

Cu Ni Cu Cu-Ni alloy Ni

Diffusion of Ni atoms
-

(a) (a)

®© © 0 0 0 0 0 0 0 0 00 [ BN BN BN BN BN BN BN BN BN BN BN
® © © © 0 0 ° 0 0 00 [ BN BN BN BN BN BN BN BN BN BN N
© © 0 © 00 0 0 0 0 00 [ B BN BN BN BN BN BN BN BN BN BN
® 0 0 0 0 0 0 0 00 [ B BN BN BE BN BN BN BN BN BN BN J
® 0 0 0 0 0 0 0 0 0 0o L B BN BN BN BN BX BN BN BN BN BN J
(b) (b)

> 100 > 100

O Cu Ni o

— z

o s Cu Ni

< o

2 S

< T

e =

@ @

= I

o (=]

Position Position

(c) (c)



5- 2 Diffusion Mechanism

Conditions for Diffusion :
(1) an empty adjacent site
(2) sufficient energy to break bonds with its neighbor atoms
(vibration by thermal energy)

Motion of a host o
substitutio Itm

2000 0000
200 00
20..0 20000
200 000

fa)

Position of interstitial Position of interstitial
atom before diffusion atom after diffusion

200 000
200 000
200 000

(b)



5- 3 Diffusion Equations
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Casel:!: J, J(t)

A very thin metal plate

PCH4,A PCH4,B
0.1latm 0.0001atm

0

+C
% A J - E J=- D£
g X X
2 st Law
.g TGCs
0O

Steady state diffusion
XA Xg

Position, x



Casell:: J= J(t)

A very thick metal plate

N C
9 J(t)=-DE= (1)
a CaT KX
=
5 C _ K&, HCH
s Mo _ M %@ M 8
2 Gt U pXg X+
nd L aw
X=0 X ’ Non - steady state diffusion

Position, x






Concentration, C

Distance from interface, x

5 uZC _IC
DG
-

) e
C(x, t=0)=C,
St eé:
C(x=0, t)=C,
A&V ; o




Concentration, C

C.-C a x o
X 0 =1-erfae——0
C.-C, c2vDt +

e a x 0
C.=C +(C.-C.)a- efe &
e ¢c2v Dt =
( X
l=———
Distance from interface, x 2+ Dt W
z erf(z) z erf(z) P4 erf(z)
0 0 0.55 0.5633 1.3 0.9340
0.025 0.0282 0.60 0.6039 1.4 0.9523
0.05 0.0564 0.65 0.6420 1.5 0.9661
0.10 0.1125 0.70 0.6778 1.6 0.9763
0.15 0.1680 0.75 0.7112 1.7 0.9838
0.20 0.2227 0.80 0.7421 1.8 0.9891
0.25 0.2763 0.85 0.7707 1.9 0.9928
0.30 0.3286 0.90 0.7970 2.0 0.9953
0.35 0.3794 0.95 0.8209 22 0.9981
0.40 0.4284 1.0 0.8427 24 0.9993
0.45 0.4755 1.1 0.8802 2.6 0.9998

0.50 0.5205 1.2 0.9103 2.8 0.9999




Concentration, C

Distance from interface, x
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Carburizing Furnace

1000 > =
I Carburizing
00 L
800 |
700 L
600 | Cooling
g
a 5S00 L
€
&
400 |
00 L
w00 | Tempering
10
0 L I L 1 i 1
0 75 4 6 8 10 12

Time, h

Fig 1 Typical carburizing cycle including the quenching and tempering step

1

'lﬂ
§ i

(11l re

Residual Hard-
stress ness
N/mm* %C yy

1.0]1000

0| 0.9] 900

08| 200 Hardness

-100| 0.7] 700

0.6] 600

-200] 05| so0 Carbon content

0 >
0.2| 200 \_/_/ Residual stress

-400] 0.1] 100

1) TS < S S M S S

0.1 03 05 0.7 0.9 1.1 Depth, mm

Fig 2 Typical hardness, carbon content and residual stress gradients after carburizing,
quenching and tempering
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[t E]FCC” 5 wn “KY- T _F4 7/ 020wt%C( 7 ) "n°  FE/ A A ey
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Z-0.90 0.95-0.90 a x 0
= » =093 | 08125=erf 8
0.8125- 0.7970 0.8209- 0.7970 c \/E+
S 2
» rd ~» ~» - d X
& e’f(«.) -~ e’f(q.) & ed‘(&) Z -~ = 0.93
0 0 0.55 0.5633 1.3 0.9340 2~ Dt
0.025 0.0282 0.60 0.6039 1.4 0.9523
0.05 0.0564 0.65 0.6420 1.5 0.9661
0.10 0.1125 0.70 0.6778 1.6 0.9763 ¥
0.15 0.1680 0.75 0.7112 1.7 0.9838 ,
0.20 0.2227 0.80 0.7421 1.8 0.9891 . X
0.25 0.2763 0.85 0.7707 1.9 0.9928 < = ADf 0.8649
0.30 0.3286 0.907 T T 0.7970 2.0 0.9953
0.35 0.3794 095 0.8209 | 22 0.9981
0.40 0.4284 1.0 0.8427 2.4 0.9993
0.45 0.4755 1.1 0.8802 2.6 0.9998

0.50 0.5205 12 0.9103 2.8 0.9999



URSIRS

7" =——=0.8649 7 =1300 K =1027 °C<——
X2 (4*10_3/77)2 (4*10_3/77)2 11 .2
= = = =2.6*10 " m?/s—
AZ%t 4*(0,932*49.5h 4*0.93%°*49.5* 3600s
v
D—Dexégﬁ -Inﬂzg T =_ o ‘

o PB4 78 D, kT k(nD, - InD)
Diffusing Host Activation Energy Qu Calculated Values
Species Metal Dy(m?ls) kJ/mol eViatom T(°C) D(m?ls)

Fe a-Fe 28561074 251 2.60 500 3010
(BCC) 900 3 [

Fe y-Fe 50%102 284 2.94 900 1.1 x 107"
(FCQ) 1100 o

C a-Fe 62 x 1077 80 0.83 500 24 X 10712
900 1.7 %0-W

C y-Fe 1 23x10° 1 1 148 1S3 900 5.9 x 1012
""""""""""" 1100 53 x 10 M

Cu Cu TS0 211 219 500 A2 %1071
Zn Cu 24107 189 1.96 500 40 x 10718
Al Al 23.:%107% 144 1.49 500 42 x 107"
Cu Al 6.5 X 1077 136 1.41 500 41 x 101
Mg Al 1.2:%:107* 131 1.35 500 1.9 x 10713

O

Cu Ni 27107 256 2.65 500 1.3 X 1022



5- 4 Activation Energy for Diffusion

/ Vacancy Mechanism
-
e l
@
=
w
2 1.0

Interstitial Mechanism




Diffusion coefficient (m2/s)

1500 1200 1000 800

Temperature (°C)

600 500 400

300

T T T 1 [ ] | o
a 0
s 1 D=D,expee kgTo
10719 — : |
Ciny-Fe Cina-Fe - a a Q d")’
In D = Ingd, expee k—_l_qg
10-&t— — ¢ ¢ Kl
INDFEIND, - Q
10714 — \ =
— Fe in ‘)"‘Fe Al in Al o
10-~16 = Fo i ; —
eina-Fe CuinCu
10—18 = i
10729 ' |
0.5 1.0 1.5 2.0

Reciprocal temperature (1000/K)



5-5 Factors that Influence Diffusion

Diffusing Host
ISpecies l I Metal l Dy(m?ls)

Activation Energy Q4

Calculated Values

kJ/mol eV/atom T(°£ ) D(mzlsr);

Fe a-Fe 28 x 1074 251 2.60 500 3.0 X 1072
(BCC) 900 1.8 X 107"

Fe v-Fe 5.0 %10 284 2.94 900 1.1 x 107"
(FCC) 1100 T8 X107

C a-Fe 6.2 %X 1077 80 0.83 500 24 510722
900 1.7 %10~

C y-Fe 2.3 %103 148 1.53 900 59 x 10"
1100 53 x 10!

Cu Cu 7.8 X 1073 211 2.19 500 42 %10~V
Zn Cu 2107 189 1.96 500 4.0 x 10718
Al Al 23107 144 1.49 500 42 % 10~
Cu Al 6.5 X 1073 136 1.41 500 41 1™
Mg Al 1 2:26107° 131 1.35 500 1.9 %10
Cu Ni 27X 1077 256 2.65 500 1.3 X 107%

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book, 7th edition, Butterworth-

Heinemann, Oxford, 1992.



6 ' Mechanical Properties of Metals



6- 1 Concepts of Stress and Strain

(1)

(2)

(3)

(4)

(Engineering) Stress (s) : The instantaneous load applied perpendicular to the cross-
section area prior to any deformation .

— F. — Ii ~ Io : :
S =— [Mpa=10 6 N/m?] e= | [Dimensionless]

(0]

(Engineering) Strain (e) : The change in guage length of a specimen to its original
guage length in the direction of the applied stress.

Shear Stress (t) : The instantaneous shear load parallel to the upper and lower
faces, each of which has an area of A,.

_F . .
[ =—— [Mpa=10 ¢ N/m?2] g=tang [Dimensionless]

Shear Strain (g) : The tangent of shear angle that results from an applied shear
load.






