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INTRODUCTION TO PHYSICAL METALLURGY

The course aims to provide a general introduction to the field of PhysiedalMrgy. The
course covers crystal structures, solidification, equilibrium phase dreggracansformatior
diagrams, diffusion, liquid to solid transformations, ferrous and non-ferrousrraks, cold

—

work, recovery and Recrystallization.

Course Overview

The module provides a systematic overview of the major grlas of physica
metallurgy. Students successfully completing the modulk mave a critical
awarenes of how thest principles relate to curren issue in exploiting structura

alloys in engineering applications.

Learning Outcomes

Upon successful completion of the module, students should be amé&tmw a systemati
understanding of the role that crystal structures play in material pieped Evaluate
critically the relevance of phase diagrams, isothermal transfawmatliagrams anc
continuous cooling transformation diagrams to understanding real alloys amd
microstructura®» Display a critical awareness of the relevance of key areas, e.g.idiffL
defects, transformation type, to current problems in designing, proceasthgxploiting
real alloys. »Show a systematic understanding of the complex interplay bety

the
1S

veen

microstructure, processing and engineering properties in metallic aateri
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Introduction
What is physical metallurgy?

 Evolution of structures in solid as it from liquid

[ Effect of alloy elements/ impurities on the transformatwocesses
O Effect of processing techniques on evolution of structure
 Structure property relation.

Objectives

At some point of time or the other ar engineerin problen involves issue relatec
to material selection. Understanding the behavior of neger particularly,
structure-property correlation, will help selecting abie materials for a particular
application.

 To provide a basic understanding of the underlying primsghat determines the
evolution the evolution of structures in metals and alloysh their processing
and its relation with their properties & performance in segv

| =4

Processing Structure Properti GH Performance
Alloying Composition




The Impact of Materials on progress

Revolution in Transportation

By 1890 we had Copper, Bronze, Iron, Steel , Aluminum and Rulnt addition
to Wood. This paved the way for series of inventions leadong paradigm shif
In the road transport from horse carriages to motorizedolesi

~r

 Ford Motors — The first assembly line for mass productionashmercial vehicles

Road Transport before Ford T Model, 1910 The first

affordable automobile. Ford Caprl Model 192

Advent of new materials like Mg,
polymers and technologies and
innovations. — T to Capri




The Impact of Materials on progress

Audi Q5, 2009

From there to today’s
advanced modern cars

What made it p

Rubber Glass Battery Other

1% 1% We have come of ages, developed new
materials and technologies based on them

Tyres

Process Polymers
3%

Electrical
Parts
1%

The application of
these advanced
materials has led to
the modern day cars

MNon-Ferrous Metals
8%



The Impact of Materials on progress

Powerful Engines

L From Cast iron blocks to more compact, lighter and powerful engine blocks — Material
development has made it all possible

 Engine components are traditionally made from ferrous alloys. Emphasis on weight
reduction for higher fuel efficiency has increased usage of aluminum for cyliideks,
cylinder heads, and other engine components. Some engine covers and intakedsanifol
are made of magnesium. Titanium is also used in high-speed engines connecting|rods to
reduce reciprocating mass.

| Availability of materials like
|| synthetic rubber, variety of
polymers, foams has provided
2| new dimension and aesthetic

look to automotive interiors
10




Throughthisto ...............

The Impact of Materials on progress

Invention of Aero plane 19@®?2




The Impact of Materials on progress

From the first engine used by Wright brothers to Powerful modget engines

Materials used in 787 body

Fiberglass M Carbon laminate composite - Total materials used
(M Aluminum I Carbon sandwich composite - By weight
Aluminum/steel/titanium : Other
steel 3% Composites

10% 50%

itanium

15% —‘

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Aircraft body structure



The Impact of Materials on progress

Waterways Jdaasgpdrand SSEBHRR3T iTdamcasdatssiaaxample!

e

,;Rjﬁéigé‘ i
Steel quality — Poor: High S and P and low Mn:S ratio, A
compared to high quality modern grade steels

The composition of steels from the titanic, a lock gate and ASTM A36

C Mn P S Si Cu O N MnS
Titanic 0.21| 047 0.045 0.06p 0.01y 0.024 0.003 0.0035 6.8:
Lock Gate | 0.25| 0.52 0.01 0.03 0.07 - 0.018 0.0085 17.3:1

ASTMA36 | 0.20| 0.55| 0.0120 0.03F 0.007 0.0 0.0y9 0.0032 14:9:




The Impact of Materials on progress

Modern cruise : As luxurious as Titanic — Better safety dueuse of advanced
materials like fiber reinforced composites (FRP) combin&ti advanced navigation
SyStem. 14



The Impact of Materials on progress

The Electronics Revolution Silicon — the heart of every electronic component

| — Moving heater

R e e A, A

molten zone

Invention high purity Si through zone
refining

1940 - Harvard Markl Electro
mechanice compute — 5 tons 8 x 51
feet and 500 miles of wire

o ’ g\ | _ iy i | ':. ; . . ) ‘ M.' ——
e [t i (e - b .
1 0.5 0.07 ; . =

micron micron rnir;ron: . : — ',' ’_-‘- - . Integrated CirCUit (IC) or
E— = ;e s ?\ Silicon chip
e BB ¢ &b

Smaller and smaller microchips have brought the whole world on paim top

1959- IBM Computer,33
feet long




A General Classification

O The broad scientific and technological segments of Meigylu& Materials
Science are shown in the diagram below.

[ To gain a comprehensive understanding of Metallurgy, aséhaspects have
be studied.

METALLURGY & MATERIALS ENGINEERING

< Science of Metallurgy >

PHYSICAL MECHANICAL ELECTRO- TECHNOLOGICAL
CHEMICAL
 Extractive
: gg;gg;ﬁ » Deformation » Thermodynamics : ﬁ:/laStilng _
Sropert Behaviour » Chemistry etal Forming
FOPETes « Corrosion * Welding

» Powder Metallurgy
e Machining 16




A Broad Overview

d

4
4

d

We shall start with a broad overview of .. wellmast everything!
(the next slide)

The typical domain of materials science is enclosdte ellipse(next slide)

Traditionally materials were developed keepingigwa certain set of properti¢

and were used for making components and structures.

With the advancement of materials science, maseaiad expected to perform tf
role of an‘intelligent’ structureor amechanism

A good example of this would be applications ofEheaemory alloys:

e they can be used to make deployable antennas (STRBE) or

e actuators (MECHANISM).

Though it will not be practical to explain all aspeof the diagram (presented |
the next slide) in this elementary course, the alVperspective should be kept
the back of one’s mind while comprehending the atibj

A point to be noted is that one way of classification does madlt with another.

E.g. from astateperspective we could haveliguid which is ametalfrom the

band structurgoerspectiveOr we could have anetal(band structure viewpoint

which isamorphos (structural viewpoint)

—

e

N
at




Entropic force

UNIVERSE STRONG
WEAK
HYPERBOLIC ELECTROMAGNETIC
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SPHERICAL e
nD +t
PARTICLES FIELDS
METAL _.---~ )
SEMI-METAL - BAND STRUCTURE ATOMIC B NPN ATOMIC

~

SEMI-CONDUCTOR
INSULATOR

~
~

) STATE / VISCOSIT N
I//// //7\ LIQUID
! GAS SOLID LIQUID | e T
STRUCTURE " '.'
| AMORPHOUS | | QUASICRYSTALS RATIONAL CRYSTALS
- APPROXIMANTS
 SIzE ,
NANO-QUASICRYSTALS NANOCRYSTALS | .-~

- -
= -
o -~ 18

~
= -
= e
= =
< -



A Broad Overview

] Based orstate(phase) a given material can ®as Liquid or Solid
(based on the thermodynamic variables: P, T,...)

Intermediate/coexistent states are also posgHiiear demarcations can get blurred)
(Kinetic variables can also affect how a materighdwves: e.g. at high strain rates some materials|ma
behave as solids and as a liquid at low strairsyate

 Based orstructure(arrangement of atoms/molecules/ions) materialsean
Crystalline Quasicrystalliner Amorphous
Intermediate states (say between crystalline arar@mous; i.e. partly
Crystalline) are also pOSSiblﬁLymers are often only partly crystalline.

= Liquid Crystals(in some sense@are between Liquids and Crystals.

 Based orBand Structureve can classify materials intddetals, Semi-metals,
Semiconductorandinsulators.

= Based on theizeof the entity in question we c@anocrystals,
Nanoquasicrystals etc.

Faceted glass objects are

sometimes called

Strange?
crystals!

A polycrystalline vessel for drinking fluids is sometimes referredt@BASS!
And, a faceted glass object is sometimes referred to as a crystal!

19




A Common Perspective

O 00

Let us consider the common typesofgineering Materials
These ard/letals Ceramics Polymersand various types alompositef these.

A compositeis a combination of two or more materials whichegi\a certain benefit to at least one
property— A comprehensive classification is given in thetradixle. The ternHybrid is a superset 0
composites.

The type of atomic entities (ion, molecule etcfjatdtifrom one class to another, which in turn gives

—h

each class broad ‘flavour’ of properties.

e Like metals are usually ductile and ceramics atallghard & brittle

e Polymers have a poor tolerance to heat, while desaoan withstand high temperatu
e Metals are opaque (in bulk), while silicate glassestransparent/translucent

factors in determining the
properties of materials

Bonding and structure are key

e Metals are usually good conductors of heat andredéyg, while ceramics are poor in this aspect.

e If you heat sen-conductors their electrical conductivity will ina®e, while for metals it will decrez

e Ceramics are more resistant to harsh environmentsrapared to Metals

Biomaterialsare a special class of materials which are comigatiih the body of an organism
(‘biocompatibld. Certain metals, ceramics, polymers etc. candssl as biomaterials.

Diamond is poor electrical

Common type of materials conductor but a good thermal
conductor!! (phonons are

/‘ \ responsible for this)

Metals Ceramics Polymers
& Glasses

Hybrids (Composites)

20



Classification of materials

Composites: have two (or more)
solid components; usually one is
matrix and other is a reinforceme

A
Nt

Materials
Monolithic|  [Hybridg
Ceramics & Glasseb—
» Sandwich
Polymers (& Elastomer |«
» Lattice
/// Y ////‘Zj
e 4

A 4

Segment] €1

Segmented Structures: are
divided in 1D, 2D or 3D
(may consist of one or
more materials).

Sandwich structures: have a
material on the surface (one
or more sides) of a core
material

Lattice* Structures: typically a
combination of material and spac
(e.g. metallic or ceramic forms,

aerogels etc.).

Hybrids are
designed to improvge
certain properties df
monolithic material$

*Note: this use of the word 'lattice' should notdmnfused with the use of the word in connectidh erystallograghy.

e



common materials : with various ‘viewpoints’

Glass: amorphou

Ceramics

Crystal

S

Graphite

Metals

Polymers

22



Classes of property

Economic

Price and Availability, Recyclability

General Physical

Density

Modulus, Yield and Tensile strength, Hardneg

SS,
gth,

Mechanical Fracture strength, Fatigue strength, Creep strel
Damping
Thermal Thermal conductivity, Specific Heat

Electric & Magnetic

Resistivity  Dielectric  constan  Magnetic
permeability

Environmental
interactions

Oxidation, corrosion and wear

Production

Ease of manufacturer, joining, finishing

Aesthetic (Appearance)

Colour, Texture, Feel.




The Materials Tetrahedron

A materials scientist has to consider four ‘intertwined’ congeytsch are schematically shown
as the ‘Materials Tetrahedron'.

O =When a certaiperformancas expected from a component (and hence the material

constituting the
same), the ‘expectation’ is put forth as a segiroperties

- The material is synthesized and further made into a component bgfaosgiessinanethods
(casting, forming, welding, powder metallurgy etc.).

* The (at varioudengthscalesis determined by this processing.

= The structure in turn determines the properties, which will éd¢te performance of the
component.

 Hence each of these aspects is dependent on the

Performance
Stfucture
The Imoad gped! of Metallurgy & Matenal
Engineering i1s to wiaknsteam amiE Agnupeeer’
-~ Properties this Tetrahediron
Processing

The Materials Tetrahedron 24




J What determines the properties of materials?

» Cannot just be the composition!
= Few 10s of ppm of Oxygen in Cu can degrade its cotidty

» Cannot just be the amount of phases present!

=>» A small amount of cementite along grain boundacess cause the material to have poor impac
toughness

» Cannot just be the distribution of phases!
=>» Dislocations can severely weaken a crystal

» Cannot just be the defect structure in the phasesept!
=>» The presence of surface compressive stress tougihess

U The following factors put together determines thepprties of a materi:
» Composition
» Phases present and their distribution
» Defect Structurgin the phases and between the phases)
» Residual stres&an have multiple origins and one may have todtacross lengthscales)

L These factors do NOT act independent of one angtinene is an interdependency)

Phases & Their
Distribution

A

Composition Residual Stress

A 4

Defect Structure

. . . 25
Hence, one has toaverse across lengthscalesd look at various aspects to understand the prepef matenafs



Length scales in metallurgy

» Casting

» Metal Forming
Thermo-mechanical  «\Welding

Treatments . '
Crystal Powd_er_ Processing
. 1 e Machining
'
Atom » Structure > Microstructure \Component
v
Electrc- | gy e
. N o B
magnetic Phases |+|| Defects||+| Residual Stress
& their_ distribution ‘\\
U Structure could imply two types of structure: e \/acancies
» Crystal structure o Di -
» Electromagnetic structure Dls_locatlons
» Fundamentally these aspects are two sides of tine sa * Twins
coin « Stacking Faults
O Microstructurecan be defined as: e Grain Boundaries
(Phases Defect Structure- Residual Stresgnd their « \0ids

distributions

L Microstructure can be ‘tailored’ ipermo-mechanical
treatments

* Cracks

26
Processing determines shape and microstructureaainaponent



Length scales in metallurgy

Let us start with a cursory look at the lengthscales involved ierddt Science

Dislocation Stress fielt . :
Angstroms _, Nanometers Microns Centimeters
Unit Cell' — Crystalline Defect% Microstructur » Component

/ Grain Size /
e || i
10" 10° 10 107 10° 10° 10% 107 10

< Metres —

2

10" 10"

*Simple Unit Cells 27



Change of properties across lengthscales: polycryst alline copper (CCP structure)

Atomic level (A)- Unit Cell level (few A-nm)> Grain level (nmgm) — Material level (cm)

L At the atomic level there is order only in the average sense (at T > OK) addhes are constantly vibrating about the mean lattice
position. Hence, in a strict sense the perfect order is missing (a). Thealhievel is the level where the atomic arrangement becqgmes
evident (crystal structure develops) and concepts like Burgers veoterge, b. It is at this level that averaging with respegt to
probabilistic occupation of lattice positions in disordered alloys is madg Ni-Al 5, alloy is defined by a 50-50 probability of Ni or Al
occupying a lattice position). At the grain level (c, which is a singfystal), there is nearly perfect order (as the scale of atorbratons
are too small compared to grain scale); except for the presence atslbke vacancies, dislocations etc. At this scale the materidédg a
anisotropic (e.g. with respect to the elastic stiffness, whichpsasented by three independent numbeys: [, & E,,). It is to be note
that the Cu crystal may be isotropic with respect to other propertieshédmaterial level (d), assuming that the grains are randpmly
oriented, there is an averaging of the elastic modulii and the mateg@mes isotropic. At this scale, the crystalline order which|was
developed at the grain level (c) is destroyed at the grain boundaries ardgm® long range order across the sample. When the material
is rolled or extruded, it will develop texture(preferred directional properties), which arises due to partialeetation of the grains. That
is, we have recovered some of the inherent anisotropy at the grain ssalee 8an see, concepts often get 'inverted' as we go from one
lengthscale to another.

(éj Thermal vibration (b) Unit cell of Cu (c)Grdstructure ( ampl of Cu

Traversing four lengthscales in a Cu polycrystal: schematic ahi#weging order and properties. a) instantaneous snapshot of a
vibrating atom, b) crystalline order (unit cell), c), grain Iefg@hgle crystal- anisotropy) , d) the material level (isotropytdue
randomly oriented grains). 28



Summary

Properties of a material are determined by two @b characteristics:
» Atomic structure
» Electromagnetic structurethe bonding character

(Bonding in some sense is the simplified description of valence electraty digstsibutions)

There aramnicrostructure ‘sensitive’ propertiésften called structure sensitive
properties) and microstructuresensitive propertie@ote the word is sensitive
and not dependent).

» Microstructure ‘sensitive’ properties Yield stress, hardness, Magne
coercivity...
» Microstructureinsensitive properties> Density, Elastic modulus...

Hence, one has to keep in focus:

» Atomic structure

» Electromagnetic structure/Bonding
» Microstructure

to understand the properties.

29
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Introduction

cCoo0oo0 O

OO

In order to understand the structure of materials and itsret@tion to property,
we have to start form the basic element of matter — The Atom

An atom consists of a nucleus composed of protons and neugnod electron
which encircle the nucleus.

Protons and electrons have same and opposite charge ofd16RQ1
Atomic number (Z) = Number protons = number of electrons
Atomic mass (A) = proton mass + neutron mass

Isotopes are the same element having different atomic malNsenber of proton
In isotope. remain: sam«while numbe of neutron varies.

Atomic mass unit (amu) = 1/12 mass of Carbon ¥Zj]

1 mol of substance contains 6.023 x23qAvogadro’s number) atoms (
molecules.

Atomic weight = 1 amu/atom (or molecule) = 1 g/mol = Wt. of 630212 atoms
or molecules.

S

S

» For example, atomic weight of copper is 63.54 amu/atom ds468/mole




Role of atomic structure in materials

 As we know, common to all materials is that they are compo$eadiams.

 The properties (whether mechanical, electrical, chenat@lof all solid materials
are dependent upon the relative positions of the atoms isdha (in other words
the atomic structure of the material) and their mutual ext&on i.e. the nature of
the bonding (whether e.g. covalent, ionic, metallic, van\eals).

O There are examples of where the atom-atom interactionsasgly reflected in
the atomic structure. An example is diamond. Here the cadaobon interactions
lead to a very directional covalent bond called & lspnd which has tetrahedrnal
symmetn — this lead: to ar oper structurcas showr below.




Role of atomic structure in materials

 Of course carbon can also take the form of graphite. Here dhleoa atoms arg

arranged in a rather different structure and graphite hasdiferent properties t«
diamond!

O In other solid systems (for example many of the metallic elets) the atomi
structure is dictated by how well we can ‘pack’ the atoms iBf0 space -+

‘packing efficiency’ — this leads to dense close-packedcstires as we will alsp
discuss ircrystal structurechapter.

O So it is vital that to understand the properties of mateaak] to improve thosg

propertie for example by addin¢ or removin¢ atoms we neec to know the
material’s atomic structure.

<

\J

As Richard Feynman said.. |!

“It would be very easy to make an analysis of any
complicated chemical substance; all one would have to|do
would be to look at it and see where the atoms are...”

33



Atomic structure : The Bohr model

 Electrons revolve around a positively charged nuc
In discrete orbits (K, L, M or n=1, 2, 3 respectivel |
with specific levels of energy. e, ]

J Electrons positions are fixed as such, however .
electron can jump to higher or lower energy level % /
absorption or emission of energy respectively.

Limitations of the Bohr Model / AN\ Photon

O Althougl the Bohr's mode was the first anc bes
model available at the time of its discovery, it h
certain limitations and could not explain ma
phenomena involving electrons

o Absorbed
Photon

Heisenberg’s uncertainty principle:

The position and momentum of an electron can not be detedvsmaultaneously.
This also disapproves the hypothesis in the Bohr model teatrens revolve around

certain circular orbits

34



Wave-Mechanical Model

O The wave-mechanical or wave-particle model was propose@daress th
limitations in the Bohr model.

O The basic premise of this model is the wave-particle duadityelectrons i.e}
electrons are considered to have both wave-like and paitic? characteristics.

O The position of an electron is defined as the probabilityinflihg it at different
locations in an electron cloud around the nucleus i.e. osif an electron is
described by a probability distribution instead of disereitbits.

J7

Probability distribution
of ele u;trun 8

gl
=

[Rn/(r)*r]* x 1072

EE
=
=

200

0
0

1 i . ]

1.0 20 4.0 6.0

= 7/,

Probability distribution vs. distance from nucleus
Probability of finding an electron is maximum a¢ tBohr radius

The Bohr radius, r = e

47 £Q ﬁrﬂ
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Quantum Numbers

O Four parameters or numbers called Quantum numbers arechéedescribe the

distribution and position of electrons in an atom.

d The first three of them (¥, m) describe the size, shape, and spatial orientation of

the probability density distribution of electrons

Principal quantum numbaer,

d It describes electron shells as shown in the Bohr model.egabtin can be 1, 2|
3,4..... Corresponding to electron shells K, L, M, N....The value ofn also
determine the size or distanc: of the shells from the nucleu.

 Number of electrons in a shell = 2rior example; number of electrons in K shell

(n=1) =2x 12 =2, and L shell (n=2) = % 22 =8 and so on.

Azimuthal or Angular quantum numbé,

O It signifies subshell or electron orbital — s, p, d, f and so lotan take values G
from O to n-1. K shell, n = 1, one ‘s’ orbital. L, n=2, two orldgas, p. M, n=3|
three orbitals s, p, d. for N, n=4, four orbital's s, p, d, f @odn.

36
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Quantum Numbers

Azimuthal or Angular quantum numbé,

O The value of¢ decides the shape of the orbital as shown in the figure bERW.
orbital ¢ =0) —sypteicE], p (=1)- polar or dluniiiie e, d(=2) —dmbiée

dumbbellsreayest (’ ‘ ‘
=2
d

¢

(=0 =1

w |l
- |l

Magnetic quantum number,grfn

»

O Orbital's are associated with energy states. Magnetictgomanumber determine
the number of energy states in each orbital.

d This number depends on the valug ofn, can take values from&to +¢e.g.c=1
(p orbital) m, = -1, 0, +1 ( three states). Only one state for the s orbital(), as
m, can take only one value (0). In general no. of stateg =P

S

Orbital S p d f
No. of states 1 3 5 7 37




Quantum Numbers

Spin quantum number, m

 Each electron is associated with a spin moment. The fourdmtgun number, ms
IS related to this spin moment of electrons. It can have omtyvalues, + %2 and +

Ya.

Pauli’'s exclusion principle

U

O It states that not more than two electrons having opposite Gn occupy the
same energy state.

O Based on this principle, number of electrons in differeritai's (s, p, d ....) cal
be obtained. For example, ‘s’ orbital has only one energyestao it can
accommodate only two electrons having opposite spins.

—

38



Electron Configuration

The quantum mechanic principles as discussed before alibsyvrdination of electron
configuration i.e. the manner in which electron states aceipied in a given ators.

Max no. of
2 2(2¢+1) Electrons
n=11[4} ¢=0 2
1s |
n=2 [H] [ ][4 [H] 8
25 2p
n=3H| [N [H] [HHH NN 18
3s 3p 3d
n=4(e| [P 10e] (et (b te e [H{H N (N[NNI 32
4s 4p 4d 4f

Electron configuration based on quantum numbers. Total number of electrons in & srell

r n-1
Y 2(2¢+1)
(=0
The manner or sequence of filling of electron @iltstis decided a by a set of two

principles / rules:

O Aufbau principle
 Madelung’s rule

39



Electron Configuration

O Aufbau principle(German meaning ibuilding up : it states that lower energ
states will be filled up first.

O Madelung’s rule: Orbitals fill in the order of increasing (it 4s (n¥ = 4+0 = 4)
will be filled before 3d (n#+= 3+2 = 5) and 5s (ré= 5+0 = 5)

O For orbital with same values of (#+the one with lower ‘n’ will be filled first. 3d
will be filled before 4p.

W——OOPeeee o 1
A 6@ 6s i N

sp OO 5p res ot |
o 4 ——O00ee id £
B 55 ss e o |2 h
E ap P ap ~
o 33— OO 3y "= Nelas 4 4
g s ds E i
ﬁ 3p |——™ 3 =3 Nelasn l3p | 1
gl 3w ™ 35 _ : '
= e —D 2p 2s%J |2p

2s 4D 25 mmt ---s '
= is —’ is 15

f=0 f=1 f=2 f=3

Aufbau principle Madelung rule

40



Electron Configuration

J Based on the foregoing discussion, it is now possible to find electror
configuration for a given atom.

O For example, sodium Ng; has 11 electrons — the configuration is shown in
first figure. The second picture shows the Bohr configorati

;rlﬂ M L ‘1r‘1L|H‘ 1 ‘ or 152 2sd 200 35l
23 2s 2p 3¢

15

Valence electrons

 The electrons in the outer most shell are known as valencérehes. Na has on
valence electron (the 3s electron). These electrons appmetble for chemica
reaction and atomic bonding.

O Look at the electron configuration of inert gases (He, Ne, i, Xe) in the

previous table. Their valence electron cell is completdled unlike any other

element.
Are [T [ [N
R 182  2s2 2p° 3s2 3p°

the

e

Ar(18)2.8.8 41




Electron Configuration

 Note that the configuration of higher atomic number elemean be expressed by
the previous inert element configuration.

O It is the tendency of every element to attain the lowest gnstaple configuratiof
that forms the basis of chemical reactions and atomic b@ndin

—

Electron Configuration of Elements

Atomic Electron " Atomic Electron Atomic Electron
number Symbol configuration | number Symbeol  configuration number  Symbol configuration

| H Is* | 21 S¢ [Ar]4s*3d’ 41 Nb [Kr]5s'dd*

2 He Is? 22 Ti [Ar]ds®3d? 42 Mo [Kr]5s'4d’

3 Li [He]2s' 23 v [Ar]ds*3d? 43 Te [Kr]5s*4d*

4 Be [He]2s? 24 Cr [ Ar]ds'3d* a4 Ru [Kr]ss'da”

5 B [He]2s22p! 25 Mn [Ar]ds*3d* 45 Rh [Kr]5s'4d®

6 C [He]2s*2p? 26 Fe [Ar]ds*3d® | 46 Pd [Kr)dd'®

7 N ch]:\.?:pi 27 Co [Ar}‘l‘i:}ﬁ' | 47 “g [Kr]sﬁlg{ilﬂ

8 0 [He]2s*2p* 28 Ni [Ar}as*3d” a8 cd [Kr]$si4d*®

9 F [He]2s*2p® 29 Cu [Ar]ds'3d’® 49 In [Kr]5s*4d'5p!
10 Ne [He]2s*2p® 30 Zn [Ar]dﬁ:l’-u"“ 30 Sn [Kr]5s24d"5p*
11 Na [ Ne]3s! 3 Ga [ArJ‘IS-}‘d“I"’"Fi 51 Sb [Kr]5s*4d'°5p*
12 Mg [Ne]3s® 32 Ge [Ar]ds?3d'%4p* | 55 Te [Kr]ss*4d!°sp*
13 Al [Ne]3s?3p! 33 As [Ar]ds?3d'%4p® | s I [Kr]5s*4d%5p®
14 Si [Ne]3s*3p? 34 Se [Ar]ds?3d"%p* | 54 Xe [Kr]5s*4d*°sp®
15 P [Ne]3s*3p* 35 Br [Ar]ds*3d'%4p® | 55 Cs [Xe]6s'

16 S [thj,¢33p* 36 Kr [Ar]ds*3d"'%4p® 36 Ba [xc]{“:

17 Cl [Ne]3s?3p® 37 Rb [Kr]3s' | 57 fa [Xe]6s35d!
18 Ar [Ne]3s?3p® 38 Sr [Kr]3s? 3 Ce [Xe]6s*4f" 5d"
19 K [Ar]ds! 39 Y [Kr]5s*4d" 59 Pr [Xe]6s%df*
20 Ca [Ar]ds? 40 Zr [Kr]5s%4d? 60 Nd [Xe]6s24f* 42




Atomic Interaction

When two neutral atoms are brought close to each other, tx@grience
attractive and or repulsive force.

Attractive force is due to electrostatic attraction betwedectrons of one atom

and the nucleus of the other.

Repulsive force arises due to repulsion between electrshsaclei of the atoms
The net force, | (Fig) acting on the atoms is the summation of attractive
repulsive forces.

The distance, at which the attraction and repulsion forcesegual and the ng
force is zero is the equilibriunr interatomic distance r, . The atoms have lowes

and

D
—

energy at this position.

Attraction is predominant above and
repulsion is dominant belowy r

Attractive

Force

Vil Interatomic
&, -
’ Distance

] 43

Repulsive




Atomic Interaction

The interaction energy between the pair| of ' , 19
atoms is given by the Lennard-Jones | '.‘RE'OU‘FS"VE A (5—8)
potential, Vor V|, .

(3] (]

-
-
——— L AL L P Ty

Energy

I
4-‘*.
-.

el ]}

O o is the distanc: al which the interactior ~Attractive -B/r°
energy is zera. is the depth of the
potential well and is a measure of the

bonding energy between two atoms.

\v

Lennard-Jones potential

O L-J potential can be also expresses in the simplified foria ,gs= A/r>-B/r® and
hence, is also known as 6-12 potential.

d A/rt?2 is predominant at short distances and hence, representshtirerange
repulsive potential due to overlap of electron orbital'slaB/r° is dominant a;
longer distance and hence, is the long range attractivepalte

44
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Atomic Bonding

 The mechanisms of bonding between the atoms are based orordhgoihg
discussion on electrostatic inter- atomic interaction.

L The types of bond and bond strength are determined by th@iecstructures of
the atoms involved.

 The valence electrons take part in bonding. The atoms iegblcquire, loose ar
share valence electrons to achieve the lowest energy ole stabfiguration of
noble gases.

 Atomic bonding can be broadly classified aspiimary bondingil) secondary
bonding

ey

Primary Bonds Secondary Bonds

lonic Covalent Metalic Vanderwaals Hydrogen

 Majority of the engineering materials consist of one of thdmnds. Many
properties of the materials depend on the specific kind afdband the bond
energy.

ey
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lonic Bond

O lonic bonds are generally found in compounds composed adlraetd non-meta
and arise out of electrostatic attraction between opdgsitearged atoms (ions).

 Number of electron in outer shell is 1 in Na and 7 in Cl . TherefdNa will tend
to reject one electron to get stable configuration of Ne ahavil accept one
electron to obtain Ar configuration.

[ The columbic attraction between Na+ and Cl ions thus forméldmake an
lonic bond to produce NaCl.

-
- "'_“..
L 2

ee,

Yo,
. '
W L]

E ]
k. m B
L
]
& [ 3 ] -
- - e

)
L]
L]

d Some other examples are GaRCsClI, MgO, AlLO,
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Covalent Bond

O In this type of bonding, atoms share their valence electionget a stable

configuration.
d Methane (CH): Four hydrogen atoms share their valence electrons witn on
carbon atom and the carbon atom in turn shares one valerateoalevith each of
the four hydrogen atoms. In the process both H and C atoms tgétes

configuration and form a covalent bond.

U

=

xe
)

C

.

-

-

{ H )

O Covalent bonds are formed between atoms of similar eleetgativity.

 C atoms in diamond are covalently bonded to each other.
O Sialso has valency of four and forms SiC through covalentibanwith C atoms




Metallic Bond

O In metals the valence electrons are not really bound to orieplar atom, instead
they form a sea or cloud of valence electrons which are shayell the atoms|
The remaining electrons and the nuclei form what is calledioim core which ig
positively charged. The metallic bond arises out of the mdilic attraction
between these two oppositely charged species — the elecliimad and the iof

cores.

Electrons

%@0@0@0

Ion

° ° ]

®
®

®
®

—
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Characteristics of primary bonds

lonic and covalent bonds posses high bond energy : 450-1000d{e

High bond strength in ionic and covalent solids results ghhmelting point, higk
strength and hardness. e.g. diamond

As the electrons are tightly bound to the atoms they are gédygroor conductors
of heat and electricity.

Are brittle in nature

Most of the ceramics consist of covalent (SiC) or ionic bo(&lsO,) or a mix of
both and hence, exhibit all the properties described above.

Metallic bonds on the other hand provide good thermal andctridal
conductivities as the valence electrons are free to move.

The metallic bond energy is 68 kJ/mol (Hg) on the lower side 850 kJ/mol (W,
tungsten) on the higher side.

Bond strength increases with atomic number as more electom available
form the bonds with the ion cores. As a result melting poiatdness and streng
Increases with atomic number.

Metals are ductile as the free moving electrons provideltyatp the bonds ang

JJ

D

=

allows plastic deformation.




Vanderwaals bonding

Vanderwaals bonding between molecules or atoms arise duead attraction
forces between dipoles.

The natural oscillation of atoms leading to momentary brdatlwn of charge
symmetry can generate temporary dipoles.

— a+8_

Dipoles can induce dipoles and attraction between opmositels of the dipoles
leads to weak bonding.

Attraction
“

Induced dipole

An ion can also induce a dipo\@

Some molecules like HCI have permanent dipoles due to asymcade
arrangement of +ve and —ve charges.

— ~
a"(_H/— Cl ) & omw a*@/; Cl |86
b \__/
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Vanderwaals bonding

d Van der Waals bonding is much weaker compared to primary ©addaind energ)
lies in the range of 2 — 10 kJ/mol

 Molecules in liquid and gas are held by weak Vanderwaalsefrc

O The atomic layers in graphite are held together by weak vavetds bonds,
Therefore, the layers can move easily over each other arsditmparts the
lubricating property graphite is known for.

AR -4

Covalent bonds

I I | . l
‘11 Van der WMaals bonds L

|
atoms
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Hydrogen bonding

O Hydrogen bond is a type of secondary bond found in molecuteagaming
hydrogen as a constituent.

 The bond originates from electrostatic interaction betwieydrogen and anothq
atom of high electro-negativity such as fluorine or oxygen.

O The strength of hydrogen bonds is in the range of 10 - 50 kJ/mol

O Water molecules, for example, are connected by hydroged$@ashed lines |
the picture).

N
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Why study crystal structures?

d When we look around much of what we see is nontaliyrse (organic things like
wood, paper, sand; concrete walls, etcsome of the things may have some crystalline parts!

O But, many of the common ‘inorganic’ materials argually”’ crystalline:
o Metals:Cu, Zn, Fe, Cu-Zn alloys
o SemiconductorsSi, Ge, GaAs
o CeramicsAlumina (Al,Os;), Zirconia (ZK0,), SIC, SrTiQ

O Also, the usual form of crystalline materials (sa§u wire or a piece of alumina)
IS polycrystalline and special care has to be taggroduce single crystals

O Polymeric materials ausuallynot ‘fully’ crystalline
 The crystal structure directly influences the prtips of the material

Why study crystallography?

 Gives a terse (concise) representation of a lasgemblage of species
O Gives the ‘first view’ towards understanding of fireperties of the crystal

. . . . ; 57
* Many of the materials which are usually crystadlican also be obtained in an amorphous form



History

COoO000 D O

O

In 387B.C. scientist called “PLATO” most famous student aic&tes thought
that whole universe is made up of five solids. Whole univeisgeriodic
arrangement of five solids namedRisitonic Solids.

Tetrahedron - 4aces -Fire
Hexahedron - Bdaces -Earth ohilosophical thought:
Octahedron - 8aces - A|r in the universe we have

5 elements made up of
Dodecahedron - 1faces -GOD hese five solids
lcosahedron - 2€aces- Water
In icosahedron, we will get best packing as for we concerBed.only problem

IS, if we try to translate it in 3D we can’t get continuous sture, without any
voids left. This voids in crystallography is callddustation.

Long back people thought, it is not possible to have solid$h wsosahedror
packing; but it is possible when Quasicrystals are discaar 1984 (Al-Mq)

-

—

Tetrahedron Icosahedron Dodecahedron Octahedron Cube 58



Different levels of structures

 Casting

» Metal Forming
Thermo-mechanical .« \\elding

Treatments . '
Crystal Powd_er_ Processing
f J « Machining
y
Atom » Structure > Microstructure \Component
v
Electrc- 4 A
magnetic Phases |+|| Defects||+| Residual Stress
& their distribution ‘\\
In brief we have different levels of structures « \Jacancies
O Electronic structure * Dislocations
O Atomic structure * Twins
O Crystal structure ) Stac_:klng Faultg.
_ * Grain Boundaries
O Microstructure « \Voids
O Macro structure * Cracks
O Nanostructure

59
Processing determines shape and microstructureaainaponent



|deal Crystals — Real Crystals — Microstructures — Material — Component

or
only thePhysical Property

Consider only thé&seometrical Entity

|deal Crystal

»
|

Put inCrystalline defects
& Free Surface
& Thermal Vibration

A\ 4

Crystal*

Ideal Mathematical Crystal

Consider only th&rientational

&
<

Crystal**

»
|

Put multiple~microconstituentg

v

or
Positional Order

‘Real Crystal

Put inMultiple Crystals(Phases)

y

giving rise to interfacial defects

~Microconstituents

\JJ

Add additional residual stres

*, ** Reduced definition of crystals

\ 4

Microstructure

Real materials are
usually complex and w

/

-

A

y

Mat

erial

Y

y

Component

[

start with ideal
descriptions

Material or Hybrid

60

T That which is NOT associated with defe(tsystalline or interfacial)— e.g. thermal residual stresses



|ldeal Crystals — Real Crystals — Microstructures — Material - Component

Geometrical entit _ A A A £
| f -~ |ldeal CryStal Ideal Mathematical Cryttal 4 4 4
Physical Property ;
A A AR
Consider only thé&seometrical Entity Par*of th‘F infinite cryst:
or > A A A A
only thePhyS|caI Property
A A A A + + ? Crystal* ------

//\\ A N /j‘\‘ /\
Part of the infinite c;yst?_l

Consider only th&©rientational

A, A
AN 4N /\ /\

-3 > > >

P o e e e e e e e e e e e e e e = = -

B T e e e e e e e

1
I
1
1
[}
1
1
< ; or
: Positional Order
|
: i . A Y N A
(3 ' A PATY Al A
100 L A A < A a
. _ *% (e L ey \ .
e » Crystal Radieh a A p
Aav :(\j A YV P ‘/\ Lo e A
' Part ¢ of tb_e infinite crystal  »
| — N
P a8 a AR
- - I
Put inCrystalline defects !
& Free Surface > . A
. . 1 f o \ \/
& Thermal Vibration Lo > 4 ¥
: ‘Iw\;> \/acancy f’\;\ /\’]
LB !
v b 2 Vacanq;(shown as an example of a defect
‘ | 0 A Y P
> ‘Real Crystal’«-
> 9V 61

* ** Reduced definition of crystals



CRYSTAL

A 3D translationally periodic arrangement of atoms in a space is
called a crystal.

LATTICE

A 3D translationally periodic arrangement of points in a space is
called a crystal.

Crystal Lattice
A 3D translationally periodic A 3D translationally periodic
arrangement ofatoms in a arrangement ofpoints in a
space Is called a crystal. space Is called a lattice.



What Is the relation between
the two ?

Crystal = lattice + motif

Motif or basis: an atom or a group of atoms
assoclated with each lattice point



Crystal= Lattice + Motif

Motif or Basis
typically an atom or a group of atoms associated with each lattice point

Lattice » the underlying periodicity of the crystal
Basis » Entity associate with each lattice poin

Lattice » how to repeat
Motif  » what to repeat

Lattice Crystal

Translationally periodic Translationally periodic

arrangement ofpoints arrangement of motifs
64



Crystal =
Lattice (Where to repeat)
+

Motif (What to repeat)

@«@1&1&1@1»

Lattice ) G ° ° ° ® ® »
<] a——>

Motif :\', T l \\,_,—v Note: all parts of the motif do nett onthe lattice poink
\\N- -—-a ———,/
2

Motifs are associated with lattice points
- they need NO'Bit physically at the lattice point
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Crystal= Lattice + Motif

Voo@9@
Vo9 @9@
Vo999 ©Q
\ A A A A 4
\ A A A A 4
\ A A A A 4

Love Lattice
Love Pattern

+

<
I

Heart =

(Motif)

Vo9 ©9@©@
Vo9©9@©Q
\ A 2 A A 4
\ A 2 A 2 4
L\ A A A 4
\ A A A A 4

Love Pattern
(Crystal)
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. ®
Let us construct the crystal considered befordigtawith an
Infinite array of points spaced a/2 apart

a’2
Put arrow marks pointing up and down alternatelytbae points:

(20 M B A B A A A |

a/2

What we get is a crystal of lattice parameter ‘atdanot ‘a/2’! - as this lattice parameter is a
measure of the repeat distance!

Lattlce pmnts ) 8

4 And the

If is:

PV AV Aty
NOT Lattice points

o

Note: we could have alternately chosen the centres of bottom arsdatiiee points!




M.C. Esher : Art with Science

Every periodic pattern (and hence a Crystal) has a uniqtiedatssociate with it.
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Interesting Fact...!

Monatomic Body-centered
cubic (BCC) crystal

CsCl crystal

Corner and body centered have Corner and body centered do
have the same neighborhood

the same neighborhood

Lattice: BCC

Motif : 1 atom 000

E%K{ FEYMAN !

Lattice :  simple cubic

Motif : two atom CI
(0,0,0) Cs (Y2, 2, ¥2)

70
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Space Lattice | |Alattice is also called a Space Latt

ce

An array of points such that every point ndentical

surroundings

» In Euclidean space= infinite array

» We can have 1D, 2D or 3D arrays (lattices)

or

Translationally periodic arrangement of points in space is calktice

71



Making a 1D Crystal

 Some of the concepts are best illustrated in laimensions- hence we shall
construct some 1D and 2D crystals before jumpibg 3D

O Astrict 1D crystal = 1D lattice + 1D motif
O The only kind of 1D motif is a line segment

 An unit cellis a representative unit of the struct(firdte part of a infinite structure)
» which when translationally repeated gives the wistilecture

] [ -] [ 1 L ] | ] L | ] L | ]
Lattice L—J I
a Unit Cell

+
Motif )

Crysta| —E 1— - — | ] —— - — —— - — —— ——
a Unit Cell
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2D Lattices

U O O

U O O

2D lattices can be generated with two basis vectors
They are infinite in two dimensions

There ardive distinct 2D lattices
1» Square

2» Rectangle

3> Centered Rectangle

4% 120 Rhombus

5> Parallelograr (genere)

Four (4)Unit Cell shapem 2D can be used for 5 lattices as follows:

» Square . (a=Db,a=90)
» Rectangle - (a, b,a =90)

» 120° Rhombus . (a=b,a=120)
» Parallelogranfgeneral) - (a, b,0)

It is clear some of them require more parametedesuribe than others
Some of them have special constraints on the angle

Can we put them in some order?
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2D Latticeq

fo

a

Two distancesa, b

There are three lattice parameters which desdnisdéttice

Two basis vectors generate the latt

Ice

One anglea

M
=90°in the current example




Making a 2D Crystal

d Some aspects we have already seen in-1Dut 2D many more concepts can |be
clarified in 2D

Lattice

oﬁo

Motif

O
D —

-
G
N
®
Jjjow Qg + 991)e| Az = |eysA1d ag

A

~
u




Making a 2D Crystal

. :a
¢ 6 6 6 ¢ ¢ @
¢ 6 6 6 ¢ 6 @
¢ 6 6 6 ¢ 6 @
¢ 6 6 6 ¢ 6 ¢

D

¢ 6 6 6 ¢ 6 &
¢ 6 6 ¢ 6 6 &
¢ & 6 6 6 6 &

¥

As before there are many
ways of associating the
motif with a lattice point
(one of these is show

o)

s Note:
Each motif is identically orientg@rientationally ordereyl
and

Is associated exactly at the same position with é&ttice poin{positionally orderedl |
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3D Lattices

3D lattices can be generated with three basis k&cto
O They are infinite in thredimensions
3 basis vectors generate a 3D lattice

 The unit cell of a general 3D lattice is describgd numbers (in special cases :
these numbers need not be independend) lattice parameters
» 3 distances (a, b, ¢)

» 3 anglesd, 3, V)

—_—

C
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Making a 3D Crystal

3D crystal = 3D lattice + 3D motif
There are 14 distinct lattices possible in 3D chtleeBravais lattices
Latticescan be constructed using translation alone

The definition (& classification) of Crystals is based symmetryand NOT on
the geometry of the unit cell.

Crystals based on a particular lattice can haversstny:
» equal to that of the lattice or
» lower than that of the lattice

 Based on symmetrgrystals are classified inteeventypes/categories/systems
known as the SEVEN CRYSTAL SYSTEMS

 We canputall possible crystals intd boxes based on symmetry

OO0 O

O

Iif @m object ishyougittintoself coincidenceéiesomeoqes editonit 1SSsaitloJITSESSS
symmetrywitthrespect tdtbtdpenatiom

A
Symmetry

Translational symmetr

Rotational Symmetr



Translational symmetry

Lattice also have

translational symmetry

In fact this is the defining symmetry

of a lattice
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Rotation AXIS

If an object come into self-coincidence through smallest-nero rotation angle of
0 then it is said to have an n-fold rotation axis where

_ 360
7

0=18C n=2 2-fold rotation axis

n

0=12C n=3 3-fold rotation axis

=90 n=4 4-fold rotation axis

0=60° n=6 6-fold rotation axis

80



Examples of Rotational Symmetry

Angles
180° 120° 90° 72° 60° 45°
Fold
2 3 4 S 6 38
Graphic Symbol

0 A L] ® @

81



Reflection ( or mirror symmetry)

82



Symmetry of lattices

Lattices have....! @ o o
@ o o
e o al
Translational Symmetry @E
© o o)
Rotational Symmetry ¢ @ @
@ o o
Reflection Symmetry O : 0
o

*
] "
‘ ‘ ‘ ‘ .. . ‘ ‘
*
* *
-
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What are the symmetries of the 7 crystal systems?

Characteristic symmetry
Cubic Four 3-fold rotation axes
(two will generate the other two)
Hexagonal One 6-fold rotation axis
(or roto-inversion axis)
Tetragonal (Only) One 4-fold rotation axis
(or roto-inversion axis)
Trigonal (Only) One 3-fold rotation axis
(or rotc-inversion axis
Orthorhombic] (Only) Threeld 2-fold rotation axes
(or roto-inversion axis)
Monoclinic (Only) One 2-fold rotation axis
(or roto-inversion axis)
Triclinic None (only translational symmetry]

We have stated that basis of definition
of crystals is ‘symmetry’ and hence the
classification of crystals is also based
on symmetry

The essence of the required symmetry
is listed in the table

» more symmetries may be part of the
point group in an actual crystal

Note translational symmetry is always present in crystals (i.ene triclinic crystal)
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14 Bravais Lattices divided into 7 Crystal Systems

|A Symmetry based concépt [‘Translatioq’ based concdpt
Crystél System Lattice Parameters Bravais Lattices
Pl 1| F|C
1 Cubic (@=b=cx=p=y=90) v | v Vv
2 Tetragonal (a=bzc,a=p=y=90) v | v
3 | Orthorhombic (@azbzc,a=p=y=90) 2 IR A e
4 Hexagone (a=bzc,a=p=9C,y=120) v
5 Trigonal (a=b=ca=p=y#90°) v
6 | Monoclinic (azbzc,a=y=90 %) v v
7 Triclinic (azbZzc,aZPB#Y) v
P | Primitive
Why are some of the entries miss_ing?_ | | Body Centred
» Why is there no C-centred cubic lattice?
> Why is the F-centred tetragonal lattice missing? F | Face Centred
F C | A/BIC- Centred:




If the definition of Crystals is based on symmetry and thestexice of 7
crystal systems is also base on symmetingn how come we have statements
like:a=b=c, a= = y=90°is a cubic crystal?

O This is an important point and requires some c¢tatifon
O Though the definition of crystals (e.g. cubic cays} are based on symmetry and
NOT on the geometry of the unit cell it is truetthave alreadyhavecubic

crystal it is mospreferred/logica to use parameterslila=b=c,a= =y
=90°

J The next slide explains as to why a set of cootdiaais is more
preferred for certain geometrical entities using éxample of a circle
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Concept of symmetry and choice of axes

(x-a)*+(y-b)*=r’

The centre of symmetry
of the object does not
coincide with the origin

2 2 — 2
(X)"+(y)" =r
> The circle is described equally well by the three

The type of coordinate equations; but, in the polar coordinate system
) (with centre of the circle coinciding with the
SyStem_ chosen is not origin), the equation takes the most elegant
according to the symmetry (simple) form

of the object

Polar coordinates( 6)

v

Our choice of coordinate axis does not alter the symmetry of the ¢iwjebe lattice)!



Bravais Lattice : various viewpoints

[ A lattice is a set of points constructed by translating a single point in
discrete steps by a set of basis vectors.
In three dimensions, there dréuniqueBravais lattices(distinct from one
another )in three dimensions. All crystalline materials rgeized till now fit in
one of these arrangements.

 In geometry and crystallographyBaavais lattice is an infinite set of points
generated by a set of discrete translation opes

» A Bravais lattice looks exactly the same no mat@mfwhich point in the lattice

one views it-@]mportant property of a latti¢e

» Bravais concluded that there are orilyf possible Space Latticésith Unit Cells
to represent them)These belong té Crystal systems.

» There are 14 Bravais Lattices which are the Spaoefissymmetries of lattices

88
A derivation of the 14 Bravais lattices or the eamste of 7 crystal systems will not be shown indbigse



Symmetry mmCrystal System mmFonventio nal unitcell

Symmetry operationn Used as UC for crystal: LatticeaReeters
4 A Cubic (@a=b=cao=B=y=90)
1 B Tetragonal (a=bzc,a=p=y=90)
3 . Orthorhombic (@azb#c,a=p=y=90)
1 @ Hexagonal (a=bzc,a=B=9C,y=120)
1 A Trigonal (a=b=ca=B=y#90°)
1 . Monoclinic (azbzc,a=y=90 £[3)
None Triclinic (@zb#c,aZPB Z£Y)
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14 Bravais Lattices classified in Seven Crystal systems

Cubic system Bravais lattices

1. Cubic P 1 F?

2. Tetragonal P |

3. Orthorhombic P | F

4. Hexagonal P

5. Trigonal P

6. Monoclinic P C
7. Triclinic P

P : Primitive, | : In Center, F: Face Center, C: End Center
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End centre cubic not in the Bravais crystal ?
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Face centre cubic in the Bravais list ?

e ZTe ]

O

M

B

L

e

Cubic F = Tetragonal 1?7 !
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Tetragonal symmetry Cubic symmetry

- N

- £
- =1
" -
. -
‘I. -
- a
- n
- -
- -
n

- -

. -

- -

- L -
- !;«.
P - -
= .
L
.~
& =

- r L
¥

Cubic C = Tetragonal F Cubic F # Tetragonal
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6\

IMPORTANT

CrystalsandCrystal Systemare defined

based orBymmetry
& NOT

Based on the Geometry of theit Cell

/

/

Cubic Crystal

Example
S e ) S

» DoesNOTimplya=b=c& ==y

> It implies the existence afvo 3-fold axis in the structure
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6\

IMPORTANT

If lattices are based on just translation
(Translational Symmetry (t))
then how come other Symmeftries (especially

rotational) come into the picture while choosing the
Crystal System & Unit Cell for a lattice? y

Why do we say that End Centred Cubic Lattice does not exist?
> Isn't it sufficient thata = b = c& o =[5 = yto call something cubit
(why do we put End Centred Cubic in Simple Tetragonal?)

(N

The issue comes because we want to put 14 Bravais latticesnok@3(the 7 Crysa

Systems; the Bravais lattices have 7 distinct symmegnesjurther assign Unit Cells

to them

» The Crystal Systems are defined base®&pmmetriegRotational, Mirror, Inversion
etc. —» forming the Point GroupsgndNOT on the geometry of the Unit Cell

» TheChoice of Unit Celis based on Symmetry & Size @onvention

K (in practice the choice of unit cell is left to us!but what we call the crystal is not!!) /




G\K:E MORE: \

» When we say¥nd CentredCubic -
End Centred is a type bhttice (based on translation)
&
Cubic is a type of€rystal(based on other symmetries)
&
\ Cubic also refers to a shapeldiit Cell (based on lattice parametjé)

/To emphasize: \

» The wordCubic(e.g. in a cubic crystal) refers to 3 things
A type ofLattice (based on translation)
&
A type of Crystal(based on other symmetries)
&
\ A shape otUnit Cell (based on lattice paramete@
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Arrangement of lattice points in the Unit Cell & No. of Lattice points / Cell

Position of lattice points | Effective number of Lattice points / ce

1 P |8 Corners =[8x%x(1/8)] =1
8 Corners

2 ||+ =[1 (for corners)] + [1 (BC)] 2
1 body centre
8 Corners

3 F |t = [1 (for corners)] + [6< (1/2)] =4

6 face centres

Al | 8 corners
4 | B/ |+ = [1 (for corners)] + [ (1/2)] =2
C | 2 centres of opposite faces
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14 Bravais Lattices divided into 7 Crystal Systems

|A Symmetry based concépt [‘Translatioq’ based concdpt
Crystél System Lattice Parameters Bravais Lattices
Pl 1| F|C
1 Cubic (@=b=cx=p=y=90) v | v Vv
2 Tetragonal (a=bzc,a=p=y=90) v | v
3 | Orthorhombic (@azbzc,a=p=y=90) 2 IR A e
4 Hexagone (a=bzc,a=p=9C,y=120) v
5 Trigonal (a=b=ca=p=y#90°) v
6 | Monoclinic (azbzc,a=y=90 %) v v
7 Triclinic (azbZzc,aZPB#Y) v
P | Primitive
Why are some of the entries miss_ing?_ | | Body Centred
» Why is there no C-centred cubic lattice?
> Why is the F-centred tetragonal lattice missing? F | Face Centred
F C | A/B/C- Centred:




-

1 Cubic Cube

N\ | T
\

1

)

b

( L
VY

va

P

-

a:ﬂ:y:90°

L

» Elements with Cubic structure
SC F, O, Po
BCC: Cr, Fe, Nb, K, W, V
FCC Al Ar, Pb, Ni, Pd, Pt, G

a)
-

[Lattice poini//

A A




2 | Tetragonal

Square Prism (general height)

<\ [O

a=Db#c

a:ﬂ:y:90°

» Elements with Tetragonal structure In, Sn
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Orthorhombic

Rectangular Prism (general height)

<\'U
<\

A/
I
-/

/-

A/

a<b<c

One convention

A/

b
A/
I

= Elements with Orthorhombic structure Br, Cl, Ga, I, Su
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4 | Hexagonal

120° Rhombic Prism

a=b#c

A single unit celmarked in blue)
along with a 3-unit cells forming a
hexagonal prism

a=[=90°, y=120 >

1S

» Elements with Hexagonal structure Be, Cd, Co, Ti, Zn

Note: there is only one type of hexagonal
lattice (the primitive one)

What about the HCP?

(Does it not have an additional atom somewherééniiddle?)



Trigonal /
Rhombohedr

a|| Parallelepiped (Equilateral, Equiangular) | v

a=b=c¢

a=L0F=y£90°

o)

a

" - » Elements with Trigonal structure
Note the position of the origin ]
and of ‘a’, ‘b’ & ‘¢’ — AS, B, B, Hg, Sb, Sm
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b

Convention

as the 1

Wly b is chd
nique ' axis

6)_ 37

a
/-

SEH

One convention
a<b<c

azb#c

a=y=90°£ [

Note the position of
‘a,'b’&‘c

= Elements with Monoclinic structure P, Pu, Pq

Nt

<

b

Convenliond

as the 'l

P I F C
6 | Monoclinic | Parallogramic Prism 4 v
Notelhe position df a, b, ¢ Notelhe position of a, b, ¢

lly b is che

nigue ’ axis

104
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Triclinic

Parallelepiped (general)

=)

SV

azb#c

az Pty
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Face Centred Cubic (FCC) Lattice

A A

e

Two lon Motif
Cl Na*
O o

NaCl Crystal

- oo

+

a
9 )
O o | O

)

™
A 4

\ - : JIO
™

Cl-lon at (0, 0, 0) Na* lon at (¥, 0, 0)

ﬂNote: This is not a close packed Cryﬂlsl'tbb a packing fraction of ~0.6G®ing rigid sphere model)
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Face Centred Cubic (FCC) Lattice  Two Carbon atom Motif
(0,0,0) & (Ya, ¥4, %)

- ] 5

° o
/ Diamond Cubic Crystal

Tetrahedral bonding of C
(sp? hybridized) O

f\‘ p

A / o )

All Atoms are Carbon

It requires a little thinking to convince yourstiat (coloured differently for better visibilily)
the two atom motif actually sits at all lattice pts!
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d What is a crystal?
» Crystal = Lattice + Motif
» An array of entities in space, having at leastdia@ional symmetry

d What constitutes a motif?
» A geometrical entity or a physical property or antaination of both can serve
a motif

J How is the classification of crystals made into Therystal system?
» The classification is purely based on symmetry
» E.g. if a crystal has only one 4-fold axis thewauld be classified as a
tetragonal crystal
» This classification is not based on geometry ofuhi¢ cell(as commonly
perceived)
» Ofcourse if one has a cubic crystal, then it willrb&erred to the cubic axis
system

d What are the 14 Bravais lattices?
» There are only 14 different ways in which pointa b& arranged in 3D space
such that each point has identical surrounding

U




O What is a cubic crystal®dr more formally, ‘define a cubic crystal’)
» A cubic crystal is one havinigour 3-fold axes of rotational symmetry
» It may or may not havé-fold axes of symmetry!

a=b=c;a= = y=90°(but then you are allowed to make other choic

» A cubic crystal should be defined based on symneatd/not the geometry
the unit cell.

O What is the relation between the 7 crystal systaenasthe 1Bravais lattices’
» Based on symmetry the 14 Bravais lattices can benpu¥ boxes— the 7
crystal systems
» E.g. all lattices with two/four 3-fold axes are mib the box labeled ‘cubic’

» If you havea cubic crystal, then yomay(i.e. may not also!¢hose axes like]

ps!)
Of
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y- 4
Solved » Does the array of points at the centres of the Gadboms in the
Example graphene sheet as shown below form a lattice?

= Describe the crystal in terms of a lattice and &fmo
= What is the unit cell?

Part of the hexagonal array of C atoms which forms
the Graphene structure
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The answer is NO!

Not all carbon positions
form a lattice

111



As atoms A & B do na
have identical
surrounding both cannot
be lattice points
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Crystal = Lattice + Moti1|

Grey atoms sit on the
lattice positions

Motif = 1 grey + 1 green

(in positions as shown)

Motif for the ™\ _
Graphene Crystal
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—— —
——

—
e -

Graphene Crystal Primitive unit cell

Contribution of 1 from the corners
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MILLER INDICES

J PLANES
J DIRECTIONS

From the law of rational indices developed by French Physicist amelahngist
Abbé René Just Hally
and popularized by
William Hallowes Miller
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1 Miller indices are used to specifyirectionsandplanes.
] These directions and planes could béaitiicesor in crystals

(It should be mentioned at the outset that special care shbalgiven tg
see If the indices are in a lattice or a crystal).

J The number of indices will match with the dimension of thei¢at or the
crystal: in1D there will be 1 indexand2D there will be two indicegtc.

 Some aspects of Miller indices, especially those for plarsgs not
Intuitively understoo anc hencet some time has to be spen to familiarize
oneself with the notation.

Miller Indices Miller Indices

Directions Planes Lattices Crystals
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Miller Indices for directions in 2D

(4.3)

(0,0)

5a+.3b.

Miller indices— [53]
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Miller indices for DIRECTIONS in 3D

A vectorr passing from the origin to a lattice point can be writte
as: r=r,atr,b+r;c R = R
S r=r@+r,b +r,c

Where,a, b, ¢ — basic vectors

e Basis vectors are urdttice translation vectomshich define the
coordinate axis in the figure below)

* Note their length is not 1 unit! (like for the basis vectors of adinate axis).

g
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Important directions in 3D represented by Miller In dices (cubic lattice)

[001] [011] Memorize these
Z
[101
Y11010] ]
[100 Body diagonal
1 101
X (=== [110] 111]
Face diagonal

Procedure as before:
 (Coordinates of the final poirtcoordinates of the initial point)
 Reduce to smallest integer values 1



Possible coordinates in 3D

[+ + ] [+ -

-+ 4] -+

If you have confusion while selecting origin in atge indices refer this figure
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Family of directions

L A set of directions related symmetry operations of the lattice or the crystaalled a

family of directions

L Afamily of directions is represented (Miller Index notation)<asv w>

Index

Members in family forcubic lattice

Number

<100> | [100],[100],[010],[010],[001],[00 1

3X2=6

<110> | [110],[110],[1 10],[110],[101],[101],[10}[101],[011],[011],[011],[011 6x2=

12

<111> | [111],[111],[111],[111],[121],[121],[1 1] [111]

4x2=8

—
——

Symbol

Alternate
symbol

the ‘negatives’
(opposite direction)

[]

Particular direction

l

<>

[[ ]]

l

Family of directions
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Miller Indices for PLANES

Miller indices for planes is not as intuitive as
£C(0,0.1) that for directions and special care must be
taken in understanding them

lllustrated here for the cubic lattice

B(0,3,0)
A(2,0,0)

- Find intercepts along axes 2 3 1

] Take reciprocal> 1/2 1/3 1

] Convert to smallest integers in the same rati@ 2 6
- Enclose in parenthesis (326)
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Important Planes in 3D represented by Miller Indice

S (cubic lattice)

FA
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O A set of planes related bgymmetry operations of the lattice or the crydslcalled &
family of planes

O All the points which one should keep in mind while dealing with directions totlget
members of a family, should also be kept in mind when dealing with planes

Family of planes

Dividcs the face diagonal into 2 parts
Divides the edge into 1 part .~

Intercepts— 1 o o
Plane— (100)
Family — {100} — 6

Intercepts— 1 1w
Plane— (110)
Family — {110} —> 6

Intercepts— 111

Plan_e_’ (111) / The purpose of using reciprocal of
Family — {111} — 8 - intercepts and not intercepts

(Octahedral plane) themselves in Miller indices becomes
clear — the w are removed %

3 parts




Points about planes and directions

J Unknown direction— [uvw]
- Unknown plane— (hkl)

] Double digit indices should be separated by commgd2,22,3)
- In cubic lattices/crystals [hkI]I (hkl)

Interplanar spacing (g) in cubic dﬁﬁbic lattice &
lattice (& crystals) Jh2 + K2 + |2
Alternate
Symbol symbols
[ ] [uvw] — Particular direction
Direction
<> <uvw> [[1] — Family of directions
() (hki) — Particular plane
Plane
{} {hki} () > Family of planes

125




Note...!

 Adirection in 3D can be specified by three angteshe hree direction cosines,
 There is one equation connecting the three dineciosines:

Cosa+ Co$B+ Coy =1

O This implies that we required only two independsamameters to describe a
direction.Then why do we need three Miller indices?

 The Miller indices prescribe the direction as ateebaving a particular length
(i.e. this prescription of length requires the &éddial index)

O Similarly three Miller indices are used for a plgh&l) as this has additional

iInformation regarding interplanar spacing. E.c Jeubi atice _ a
hk _\/h2+k2+|2
Z
A
off B
/ b1 » Y




Hexagonal crystals — Miller-Bravais Indices : PLANES

O Directions and planes in hexagonal lattices and crystasdasignated by the
4-index Miller-Bravais notation

d In the four index notation:
» the first three indices are a symmetrically relatetion the basal plane
» the third index is adundant onéwhich can be derived from the first two)
and is introduced to make sure that members ahdyfaf directions or planes
have a set of numbers which are identical
» the fourth index represents the ‘c’ akisto the basal plane)

O Hence the first three indices inja =~~~
hexagonal lattice can be permuted to‘ Z‘ /
get the different members of |a |+ Related to ‘I’ index
family; while, the fourth index is 1=
kept separate. (&

B , =
’/\ S~ | g T
NI

vl

AN\ by e ,
-/\ - - N
Related to ‘i’ index % x“‘“—/\ Related to 'k’ index

127
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Hexagonal crystals — Miller-Bravais Indices : PLANES

A
Intercepts— 11 - Y20 (hkil)
Plane— (1172 0) i=-(h+Kk)
A
A

In general three indices point is denoted as miller indices i.e., (h k |). Buadumal crystals
we are using 4 indices point is denoted by miller-bravais indices i.e., (NTeluse of the 4

index notation is to bring out the equivalence between crystallographically @euivplanes
128
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Hexagonal crystals — Miller-Bravais Indices : PLANES

Ay

Obviously the ‘green’ an
‘blue’ planes belong to the
same family and first three
indices have the same set of

-
-
-
-
-

-
-
-
-
-

Intercepts— 1 -1w o
Miller - (1 1 0)
Miller-Bravais— (1 1 00)

numbers (as brought out by the
- Miller-Bravais system)

Intercepts— w01 -1 «
Miller — (0 10)
Miller-Bravais— (0 1 1 0)
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Hexagonal crystals — Miller-Bravais Indices : PLANES

Ay

>

Intercepts— 1 -2 -2

A
Plane— (2 11 0)

Intercepts— 1 1 - Y20
Plane— (112 0)
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Hexagonal crystals — Miller-Bravais Indices : PLANES

Intercepts— 11-%1
Plane— (112 1)

(Both planes contain sam
intercepts. The common thin
In these planes i\, axis is

infinite

Intercepts— 1o —-11
Plane— (101 1)

d, 131



Hexagonal crystals — Miller-Bravais Indices : DIRECTIONS

Drawing the[1120] directior

» Trace a path_along the_basis_vectors as requydkdebdirection. In the current example move

—_— ~ -

« Directions are projected onto the basis vectodetermine the components and hence the Miller-
Bravais indices can b¢ determined as in the table

Drawing the [1Q 0] direction

Shown 2 shified [1120]

for clarity
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Hexagonal crystals — Miller-Bravais Indices : DIRECTIONS

Transformation between 3-indgxVW] and 4-indeXuvtw] notations

U=u-t V=v—-t1

1
u=—(2U -V
3( )

v:%(ZV—U) w=W

A...“'

W = w _
[0330]

[3300]

= Directions in the hexagonal system can be expressed in many w
= 3-indices:
By the three vector components alongaaand c:
roww = Ua + Va, + Wce
= In the three index notation equivalent directions may not seem
equivalent; while, in the four index notation the equivalence is
brought out.

Ay'S

[1120]

[0330]
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Directions ] Planes

Cubic system(hkl) 0 [hkI]

Tetragonal systenonly special planes areto the direction with same indices:
[100] 0 (100), [010]C1 (010), [001]TD(001), [110]d (110)
([101] not /7(101))

Orthorhombic system
[100] 0 (100), [010]1 (010), [001]T(001)

Hexagonal systenj0001] [J(0001)
(this is for a general c/a ratio; for a Hexagonaystal with the special c/a rati
= ¥(3/2) the cubic rule is followed)

Monoclinic system[010] I (010)
O Other than these a general [hkl] is NQThklI)
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COORDINATION NUMBER

Coordination number is defined as the total nunab@earest neighboring atonﬁs

Simple cubic

The coordination number of simple cubic
crystal is ‘6’ It is shown in figure. In thi
figure we are considered one corner and
drawn 3 lines connecting to six points.

Body Centered cubic

The coordination number of BCC crystal &
The body centered atom is in contact with |all
the eight corner atoms. Each corner atom is
shared by eight unit cells and hence, each of
these atoms is in touch with eight body centered
atoms.
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COORDINATION NUMBER

Face Centered cubic

In the FCC lattice each atom is in contact
with 12 neighbor atoms. FCC coordinatipn
number Z = 12 . For example, the face
centered atom in the front face is in contact
with four corner atoms and four other fage-
centered atoms behind it (two sides, top and
bottom) and is also touching four fadge-
centere atom: of the unit cell in front of it.

Hexagonal close pack structure

In Hexagonal lattice Z = 12. The center :
atom of the top face is in touch with sjx i
corner atoms, three atoms of the mid layer i
and other three atoms of the mid layer of the i
unit cell above it. ,_,,,.;- ---@,

°




Average number of atoms per unit cell

Position of atoms Effective number of atoms
SC |8 Corners =[8x%x(1/8)] =1
8 Corners
BCC |+ =[1 (for corners)] + [1 (BC)] =2
1 body centre
8 Corners
FCC | + = [1 (for corners)] + [6< (1/2)] =4

6 face centres

12 corners (6 bottom+6 top)

+
HCP | 2 atoms at face centers =[12x(1/6) | + [2x (1/2)] + [3
N (interior) ] =6

3 atoms In the interior
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Atomic packing factor

Atomic packing factor (APF) or packing efficiency indicatkow closely atoms ate
packed in a unit cell and is given by the ratio of volume of agamthe unit cell andl

volume of the unit cell. V
olumeofabms

APF = :
Volumeofurcell

Simple Cubic

In a simple cubic structures, the atoms are assumed to bedplasuch a way the
any two adjacer atom: toucl eacl othel If ‘a’ is the lattice paramete of simple
cubic structure and ‘r’ the radius of atoms. From the figtiis clear that

Atomic radius (r) 2
AvgnoofatomsprunitcellxVVolumeofaatom
Volumeoftieunitcell

APF =

1><4|'|r3 4|‘|r3 ar
APE=_—3 -3 -2l1,100= 052=52%

it

a® () 24

138




Body Centered Cubic

In body centered cubic structures the center atom touch?

Atomic packing factor

the corner atoms as shown in Figure

From the figure 11
c’=b*+a® - ¢*=2a’+a’ b’=a’+a?=2a®>
2
c®=3a° - (4r)*=3a° - r’? -3
16
= J3a azﬂ r = atomic radius
N £ a = lattice parameter
3
4 4 \/§a
2t 250 3
3 3| 4 8x3/3[a
APF = 3 = 3 = 3
a a 3x64a

APF = 068(0r }68%
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Face Centered Cubic

From this figure; first we can calculate

Atomic packing factor

atomic radius: _—B
(4r)?=a’*+a’ - 16r°=2a° - r? -,
16
a2 _ a _ A _
= = a———>4r—\/§a
T4 T J2
3
4 _ 4 a
4% —[]r 4><I'I(j 3
gl 3t o2) _1ex2y2a’ _
APF = e = - = -— =074
a a 3% 64a

APF... = 0.74(or )74%
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Consider any one triangle

Let us consideAAOB:;

‘P’ is center of triangle

APOB - Tetrahedron

In theA AYB

Cos0P =Y
AB

Atomic packing factor

Hexagonal Close Packed Structure

The distance between any neighboring atoms
Is ‘a’ from the figure ‘AB’ = a

av/3

AY = ABcos30° =

From the figure ‘Ax’ is orthocenter; so,

AX:EAY:
3

X

a

V3
2

a
3

F.F EJ
A.F r
.—.— Df
- 3 o
PL—T>~UJR
¢ |/ —
a/| A __Lle
b 3 i : D
IX :
A \ (P
a—ft
R A R |

I ] ——=i
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Hexagonal Close Packed Structure

ConsiderA APx

(AP)* = (AX)* +(xP)*

p2o&,C L, & ¢ 2
3 4 3 4 4 3
cc 8 ¢ |8 _
S S S —:163\:
a 3 a 3

AvgnoofatomsprunitcellxVolumeofaatom
Volumeofteunitcell

APF =

6><4|'|r3
APF = 3

Volumeoftieunitcell

In cubic a=b=c, so volume i®>  but in this caisis H.C.P so here a#b

Volume of unitcell = Area of base of hexagowaiieight
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Hexagonal Close Packed Structure

Volume of unitcell = Area of base of hexagowadeight

Volumeofunricell = 6x areaoNAOBXxc

Volumeofurcell = GX%XOBX AY xC

Volumeofuitcell:GX%xaxa\[xc ca i
xgﬂr3
APF =
o2 33
2
A a’
[1r —[1*x—
APF = 33@: 33\@ —22?_0.74
X
ca27 ca — = , ¢

APF, ., = 074(or )74%




Summary on PACKING FRACTION / Efficiency

Volumeoccupiedoy atoms

PackingFraction=

Volumeof Cell

SC BCC* CCP DC HCP
Relation between atomic radius (r) | a=2r | /33 =4r | \/24 = 4r ﬁa: op | @=2r
and lattice parameter (a) 4 c=4r \F
3
Atoms / cell 1 2 4 8 2
Lattice points / cell 1 2 4 4 1
No. of nearest neighbours 6 8 12 4 12
Packing fraction 7 e Vo V3 Vo
6 8 6 16 6
~0.52| ~0.68 ~0.74 ~0.34 ~ 0.1

* Crystal formed by monoatomic decoration of the lattice



Density

L The usual density is mass/volume

O In materials science various other kinds of density and occupatios aaéi defined.
These include:
» Linear densitymass/length [kg/m]
atoms/length [/mpr number/length
length occupied/length [m/m]
» Areal densitymass/area [kg/th
atoms/area [/A) or number/area
area occupied/area fim?]
» Volume densitymass/volume [kg/#]
atoms/volume [/i#] or number/volume
volume occupied/volume [#m3]

O The volume occupied/volume of space’m?] is also called theacking fraction
O In this context other important quantities include:

» Length/area [m/& - e.g. length of dislocation lines per unit areanéiface (interfacial dislocations)
» Length/volume [m/rl - e.g. length of dislocation lines per unit volumeterial
» Area/volume [M/m?3] - e.g. grain boundary area per unit volume of materia

O The ‘useful’ way to write these quantities iSM@T factor out the common terms: i.e.
write [m/m?] ‘as it is’andnot as[1/m?]




Planar density

Planar density (PD) refers to density of atomiddpagon a particular plane.

Numberofadtmsonaplaa
Areaofplare

PlanarDengy =

For example, there are 2 atoms (1/4 x 4 cofne

'
atoms + 1/2 x 2 side atoms) in the {110} planes in -' m
the FCC lattice. aI
Planar density of {110} planes in the FCC crystal F @O
PD — Z = \/E \/2"
(110) a\/Ea az ©

In the {111} planes of the FCC lattice there are 2
atoms (1/6 x 3 corner atoms + 1/2 x 3 side atoms).
Planar density of {111} planes in the FCC crystal

_ 2 4
1) — B 2
;ﬁaXﬁaf V3a

PD,

This is higher than {110} and any other plane. Hfere, {111}
planes are most densely packed planes in the F3tatr



Linear density

Linear density (LD) is the number of atoms per lamigth along a particular direction

Numberofabmsonthedaectionvetor

LinearDengy =
i Lengthoftledirectiorvector

<110> directions in the FCC lattice have 2 atoms (1/2 x 2 aoat@ms + 1 center
atom) and the length is

2 42
J2a a

LDpyg =

This is the most densely packed direction in th€Faitice
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Theoretical density

Theoretical density calculation from crystal strucure

nA

Theoretical density0 = . .
VeNL | n=number of atoms in the unit cell
A = atomic weight

V< = Volume of unitcell
N, =Avogadro’s number (6.02810%3)

Calculate the theoretical density of Aluminum (Al)

Given : Alis FCC structure; Lattice parameter is 4.05A=4;
Atomic weight of Al is 26.98 g/mol

4x2698

= =2.697g/cc
o (405x107°)° x6.023x10” )
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CCP=FCC Closed Packed Structures : FCC CCP=FCC

Start with a row of atom&lose packed in 1D)

m Monatomic decoration of FCC lattice

Make a 2D hexagonal close packed array (the A layer)

» This is a close packed layer with
close packed directiorfBke
<110>directions represented
using cubic indice:

» As we shall see this becomes the
{111} plane in the FCC crystal

b Fi 1
{111 })
There is only one way of doing so!

To build the next layer. leading to the 3D structure, there are 2 stabl@ipos where atoms can be putcalled
the B and C positions. If atoms are put in the Bifoan than we cannot put atoms in the C positrangpace!)




Closed Packed Structures : FCC

Putting atoms in the B position in the Il layer and in C positionsariit layer we get a
stacking sequence ABC ABC ABC.... » The CCP (FCC) crystal

ﬁ,

55
29




Closed Packed Structures : HCP

An alternate packingpfie amongst an infinite possibilit\s where in the Il layer
coincides with the | layer. giving rise to a AB AB AB ... packing- The

Hexagonal Close Packed Crystals arrangement is close packed only for idealretio; i.e. for ‘hard
sphere’ packing)

As before we make a 2D hexagonal close packed array (the A layer)

* This is a close packed layer
with close packed directions
(like <1010> directions

» As we shall see this becomes
the{0001} plane in the HCP
crystal

Metals which adopt HCP structure
Mg, Zn, Ti, Co, Be, Cd, Zr, YSc, Tc, Ru, Gd, Tb, Dy, Ho, Er, Tm, Lu, Hf, Re, Os, Tl

151



Closed Packed Structures : HCP Shown displaced for clarity RS

A B A HCP

The C position is vacant and we ca
pas: a line througt this positior withou
intersecting any atoms

As we shall see in one of the upcoming
slides that this is special line

P A plane

P B plane

P A plane
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Structure-Property Correlation

Aluminum (Al) is ductile while iron (Fe) and magnesium (Mg) are not. This ba
explained from their crystal structures.

Al is FCC where as Fe is BCC and Mg is HCP.

Plastic deformation in metals takes place mainly by a process caledSélp can
broadly be visualized as sliding of crystal planes over one another. Slip occl
most densely packed planes in the most closely packed directions lying on that

The slip plane and the direction together is called a Slip system
In FCC, {111} planes are close-packed and there are four unique {111} planek.

of these planes contains three closely packed <110> directions. Thereforearendy

x 3 =12 slip systems

In HCP, the basal plane, (0001) is the close-packed and it contains three <]
directions. Hence, number of slip system=1x3=3

Slip in more number of slip systems allows greater plastic deformatidard
fracture imparting ductility to FCC materials.

Close-packed planes are also planes with greatest interplanar spacitigsaaitbws
slip to take place easily on these planes.

BCC structure on the other hand has 48 possible slip systems. However, ther
close-packed plane. Hence, plastic deformation before fracture is not cagmifSlip
might occur in {110}, {112} and {123} planes in the <111> directions.

I's on
nlane

Ea
e

1 0>

e

e IS NO




VOIDS IN CRYSTALS

We have already seen that as spheres cannottitk @pace- the packing
fraction (PF) < 1 (for all crystals)

This implies there are voids between the atoms.drdive PF, larger the volume

occupied by voids.

These voids have complicated shapes; but we ardynnterested in the largest

sphere which can fit into these voiddhence the plane faced polyhedramnsion
of the voids is only (typically) considered.

The size and distribution of voids in materials plg a role in determining
aspects of material behavior- e.g. solubility of interstitials and their
diffusivity

In the close packed crystals (FCC, HCP) therevaoetypes of voids-
tetrahedraiindoctahedraVoids(identical in both the structures as the voids a
formed between two layers of atoms)

In the ‘BCC crystal’ the voids do NOT have the shapthe regular tetrahedror
or the regular octahedron

|4




Void in Simple Cube

\Y 2

 The simple cubic crystal (monoatomic decoration of the gnmoibic lattice) ha:
large void in the centre of the unit cell with a coordinatiamrber of 8.

L The actual space of the void wery complicatedright hand figure below) and the
polyhedron version of the void is the cube (as cube is thedioation polyhedror

around a atom sitting in the void)

—

Y = (3-1=0.73:
;

N—r

Actual shape of the void (space)!

True Unit Cell of SC crysta Polyhedral model (Cubs

= Later on we will talk about tetrahedral and octahedral
voids in FCC, BCC & HCP crystals:

= note that there amdO such tetrahedral and octahedral
voidsin SC crystals and the only polyhedral void is
CUBIC (i.e. coordination number 8J




ECC = CCP VOIDS in FCC

\

Tetrahedra Octahedra

o

Ys way along body diagonal At body centre
{Ya, Ya, Ya}, {¥a, ¥a, Ya} {*2, Y2, Y2}
+ face centering translations + face centering translations
1 1

Vietahedron = ﬂvce" Fyoid ! Fatom = 0:225 Voctahedron™ Evcell Mvoid / Tatom™= 0.414
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FCC Tetrahedra Octahedra

U Actual shape of the void is as shown
below. This shape is very completed and
we use the polyhedral version of the void-
l.e. tetrahedral and octahedral voids.

Position of some o .t10 the void



Once we know the position of a void then we can use
the symmetry operations of the crystal to locate the
other voids. This includes lattice translations

FCC- OCTAHEDRAL

=l

O
Site for octahedral void

______ - == \ - _ _ -~
Face centering translation

Note: Atoms are coloured differently but are thenea

»Equivalent site for an octahedral void
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Calculations

Tetrahedral intersttial .

There is one octahedral There are eight

site at the centre of the | tetrahedral sites in the
FCC cell (¥2,%,%2) anc FCC unitcell (V4,Y4,%4)

one on each of the
twelve cell edges
(%2,0,0).

FCC voids Position Voids / cell Voids / aton

Y4 way from each vertex of the cuhe

Tetrahedral along body diagonal <111> 8 2
— ((Ya, Ya, Ya))
* Body centre: 1 (Y2, 2, V-
Octahedral y 02, %2, %) 4 1

* Edge centre: (12/4=3) (¥, 0, 0)




Size of the largest atom which can fit into the tetrahedral void of FCC

The distance from the vertex of the tetrahedrahéocentroid (DT) is the distance spanned by radiufie atom and the
radius of the interstitial sphere.

DT = r + x — Radius of the interstitial atom (sphere)

2

If ‘e’ is the edge length of the tetrahedron tlign = (V6/4)e — see below in triangle ABC

— 1T =1 +X
-
h
X (/6
—=| —-=-1(~0.22F
r 2
14
A In tetrahedron ABCD
In triangle ABC AD® =& = AO’ + DO
/ \_\ 2 ) 2
e2:e—+AM2 eZ:E .|.DO2 DO:e\/:
(& 4 3 3
"/ K J \V \\\ 3
O AM = % e DT = 3 DO
I.”/ -.‘\A“\ 4
B \ e _2,m_233 _ e 32 J6
M AO SAM 32 ° J3 DT =— —ezie 160
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Size of the largest atom which can fit into the Octahedral void of FCC

2r+2x=a Thus, the octahedral void is the bigger one
and interstitial atoms (which are usually

bigger than the voids) would prefer to sit
here

J2a=4r

FX =(V2-1)~ 0.414
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Voids in BCC crystal

There are NO voids in a ‘BCC crystal’ which have the shape ofeguiar
polyhedron(one of the FPlatonic solid3

The voids in BCC crystal ardistorted'octahedral’ andlistortedtetrahedral
— the correct term should lb@n-regularinstead ofistorted.

However, the ‘distortions’ are ‘pretty regular’ae shall see

The distorted octahedral void is in a sendmaar void’
— an sphere of correct size sitting in the void tagbnly two of the six atoms surrounding it

Carbor prefer: to sit in this smalle ‘octahedre void’ for reason which we shal
see soon
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VOIDS in BCC Crystal
—

Distorted TETRAHEDRAL DistortedOCTAHEDRAL™

C\)
,\\ )
Y D

1

/
i -

Coordinates of the void: : -
{4, 0, Y3} (four on each face) - Coordinates of the void:

Illust
iy v
.

** Actually an atom of correct size touches only
the top and bottom atoms



Calculations

Tetrahedral intertitial

There i1s one octahedral site

)
on each of the six BCC caell |

faces (¥2,%2,0) and one c
each of the twelve cell edgeg
(%2,0,0)

There are four tetrahedral
sites on each of the six
BCC cell faces (¥2,Y4,0).

BCC voids Position RolChl Rl
cell atom
Distorted » Four on each face: [(4/%X)6 = 12] - (0, Y2, Y4) 12 6
Tetrahedral | B
Non-regular |« Face centre: (6/2 = 3} (%2, 2, 0) 5 3
Octahedral |« Edge centre: (12/4 = 3) (¥, 0, 0)




Calculation of the size of the distorted tetrahedral void

. a BCC: DistortedTetrahedral Void
\ 1~-C
4
aval2 y
L1
4
)
2 2
From the right angled triange OCNDC = \/a + 2= E a=r+x
16 4 4
For a BCC structurey/3a = 4r (a= %)

AT \E—l = 029
4 /3 r 3
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Calculation of the size of the distorted octahedral void
Distorted Octahedral Voi(jzl

OB:%:O.Sa OA fa— 707a

/ As the distance OA > OB the atom in the void
touches only the atom at B (body centre).
L} = void isactually a ‘linear’ void*
av3/2
O
Ak > This implies
a
OB=r+x=—
2
4y
rNX=—7m=— BCC:+/3a=4r
24/3
* Point regarding ‘Linear Void’ X 2 3
» Because of this aspect the OV along the 3 axebe&an — = i — 1 — O 1547
differentiated into OY, OV, & OV, r 3

= Similarly the TV along x,y,z can be differentiated
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VOIDS in HCP Crystals

/\

TETRAHEDRAL

OCTAHEDRAL

Coordinates : (00, %), (00,%).(%. %, 8). (7. /3. /%)

Coordinates('s %,%4), (/3,%5,%4)

» These voids are identical to the ones found in BGCideal c/a ratio)

> When the c/a ratio is non-ideal then the octaheddhtetrahedra adistorted(non-regular)

Important Noteoften in these discussions an ideal c/a ratio lvalassumeghithout stating the same explicitly)

Note: Atoms are coloured differently but are the same
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VOIDS in HCP Crystals

The other orientation of the tetrahedral void

Octahedral voids occur in 1 orientation, tetrahkdoals occur in 2 orientations

Note: Atoms are coloured differently but are the same 168




VOIDS in HCP Crystals

Further views

V)

Octahedral voids

Tetrahedral void

Note: Atoms are coloured differently but are the same

169



VOIDS in HCP Crystals

Voids/atom: FCCG HCP
— as we can go from FCC to HCP (and vice-

versa) by a twist of 60around a central atom of

two void layerqwith axis//to figure)

Atoms in HCP crystal: (0,0,0724 ¥,%)

Check below
HCP voids Position V?:'(SIT / Voids / atom
(0,0,3/8), (0,0,5/8) %, ¥5,1/8),
Tetrahedral (4.5.7/8) 4 2
Octahedral | % %5,Y4), (4,%,%4) 2 1
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Voids in Diamond Cubic crystal

O In the DC structure out of the family of 8 (V4, Va4, ¥4) type pmsgionly 4 are occupied
[(Ya, Ya, Ya), (Y4, Ya, Ya), (Ya, Y4, %a), (34, Ya, ¥a)].
O The other four are like void positions- which are all tetrahedralturea

/.\

171




Summary of void sizes

Irvoid/ ratom
SC BCC FCC DC
Octahedral Not 0.155
(CN = 6) Present 1 (non-regular) 0.414 erpresen
Tetrahedral | o 0.29 0295 1
(CN=4) | P*" | (non-regular)| (Y2,%2,Y%2) & (Ya, Ya, Ya)
(((::ﬁ b:|C8) 0.732 Not preser Not preser Not preser

Voids should not be confused witlacanciesvacancies are due to missing atoms or ipns
In crystals.

Holes should also not be confused with voids- holes are ‘missing electrons’ from the
valence band of a solid.

Voids have complicated shapes- we usually use a polyhedral version — the coordinati
polyhedron around a sphere of ‘correct size’.

Sometimes, as in the case of ‘octahedral void’ in the BCC- the second haargisbors
are also included in constructing the coordination polyhedron.
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Introduction

Three states of matter are distinguishable: gas, liquid sahd

In the gaseous state the metal atoms occupy a great dealas Bpaause of thej

rapid motion. The atoms move independently and are usuadlglywseparated s
that the attractive forces between atoms are negligible.arlrangement of aton
In a gas is one of complete disorder.

At some lower temperature, the kinetic energy of the atonssdegreased so th
the attractive forces become large enough to bring mosteodtbms together in
liquid. And there is a continual interchange of atoms betwibe vapor and liquic
acros the liquid surfact.

The attractive forces between atoms in a liquid may be detraird by the
application of pressure. A gas may be easily compressechistmaller volume
but it takes a high pressure to compress a liquid. There seter, still enough
free space in the liquid to allow the atoms to move about uilady.

As the temperature is decreased, the motions are less ugjarad the attractiv,

forces pull the atoms closer together until the liquid s6ed. Most materials
contract upon solidification, indicating a closer packaf@toms in the solid state.

The atoms in the solid are not stationary but are vibratirauiad fixed points

—

e

7

|1 ~4

giving rise to the orderly arrangement of crystal structure




Mechanism of Crystallization

Crystallization is the transition from the liquid to the isiobtate and occurs in twlo

stages:
» Nuclei formation
» Crystal Growth

Although the atoms in the liquid state do not have any defiarrangement, it i
possible that some atoms at any given instant are in positieractly
corresponding to the space lattice they assume when sedidif

These chance aggregates or groups are not permanent buntuedigitbreak up
anc reformr al othe! points.

The higher the temperature, the greater the kinetic enefrglgeoatoms and th
shorter the life of the group. When the temperature, of tipaidi is decreased, ti
atom movement decreases, lengthening the life of the gemgmore groups wil
be present at the same time.

Atoms in a material have both kinetic and potential energy. Kinetic energy is aaiaf

the speed at which the atoms move and is strictly a function of temperaturg
higher the temperature, the more active are the atoms and the greater is theicl
energy. Potential energy, on the other hand, is related to the distance between

S

e
€

e

. The
(inet
atoms.

The greater the average distance between atoms, the greater is their potential er

lergy.




Mechanism of Crystallization
Metals

A 4
|74

Thermodynamic 1 AHq qon 777777 -+ High — (10-15) kJ / mole

Crystallization favoured b{/

Low — (1-10) Poise

A 4

Kinetic iAHdr—D Log [Viscosity )] F:-

L Enthalpy of activation for
diffusion across the interface

/_

Very fast cooling rates ~82&/s are used for the amorphization of alloys
— splat cooling, melt-spinning.
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Solidification (or) Freezing

T . When metal is poured into the mould,

- ~

‘\f’ouring Temperatur/e\" -> the temperature will be as high as its
i inversion temperature.
I
T %
. o}
b Equilibrium <
| -
S Freezing g
L
® Temperature =2
- n
Q
Q 2
GE) /Local Solidification time\‘ N
l_ I\ 7| \\
Total Solidification time R
Time — \
It gets cooled when poured into the h idified tal in th I
mould and molten metal in the liquid I(Ie d30| med meta ml d_e rrrllou (Id
form will solidify. This time is called called casting) gets cooled in the mou
to the temperature of the surroundings

local solidification time
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Cooling Curves

of heat during nucleation.

RecalescenceThe increase in temperature of an undercooled liquid nasta result of the liberatio

Thermal Arrest A plateau on the cooling curve during the solidificationaofmaterial caused by th

evolution of the latent heat of fusion during solidificatio

has been poured.

nucleation has begun.

Total Solidification Time: The time required for the casting to solidify completelyeafthe casting

Local Solidification Time: The time required for a particular location in a casting ¢dicBfy once

N

e

Temperature ("C

Time —=
B-C: Undercooling is C-D: Recalescence
necessary for nucleation

to occur

Cooling curve for a well inoculated, but otherwise pure metal. )
No undercooling is needed. Recalescence is not observe '

Solidification begins at the melting temperature

)
Y
U:\
=)
=
] =
E.
(=%
,'N
2
F, =}
-y
[#]
=1
=
=

Cooling curve for a pure metal that has not been well inoculated.
Liquid cools as specific heat is removed (betweens poinfsand B).
Undercooling is thus necessar (betweer points B and C). As the
nucleation begins (pointC), latent heat of fusion is released causing
an increase in the temperature of the liquid. This process is knon
as recalescence (poin€ to point D). Metal continues to solidify at
a constant temperature (T melting). At point E, solidification is
complete. Solid casting continues to cool from the point.

T
Al' = Cooling rate Superheat

G t/ At T g pe
: : L Thermal arrest l
= . "
= Local
E. |-€7 solidification —)-|
5 time
-}
= Total

< solidification -

time 178
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Solidification of pure metal : Super cooling

In a pure metal at its freezing point where both the liquid aoltl states are at the
same temperature. The kinetic energy of the atoms in thellapd the solid must
be the same, but there is a significant difference in paaéatiergy.

The atoms in the solid are much closer together, so thatisodiion occurs with
a release of energy. This difference in potential energyéen the liquid and
solid states is known as tha&tent heat of fusion.

However, energy is required to establishl a | Cooling Curve for a pure metgl
surface between the liquid and solid. In pure
material: al the freezin¢ point insufficieni energy
is released by the heat of fusion to create a stablé
boundary, and some under cooling is alway%
necessary to form stable nuclei. ©

©

Subsequent release of the heat of fusion e St
raise the temperature to the freezing point. hé ﬁ
amount of undercooling required may e eerooone
reduced by the presence of solid impurities

which reduce the amount of surface energy
required.

Time — 179



Solidification of pure metal

When the temperature of the liquid metal has dropped seffttr below its
freezing point, stable aggregates or nuclei appear speoiety at various point
In the liquid. These nuclei, which have now solidified, astaenters for furthe
crystallization.

As cooling continues, more atoms tend to freeze, and theyatiagh themselve
to already existing nuclei or form new nuclei of their ownchanucleus grows b
the attraction of atoms from the liquid into its space l&ttic

Crystal growth continues in three dimensions, the atonaclattg themselves |
certair preferrec directions usually alon¢ the axe: of the crysta this gives rise to
a characteristic treelike structure which is calledkeadrite.

Since each nucleus is formed by chance, the crystal axesoargeg at randon
and the dendrites growing from them will grow in differentaditions in eaclt
crystal. Finally, as the amount of liquid decreases, thes dmtween the arms ¢
the dendrite will be filed and the growth of the dendrite Iwlle mutually
obstructed by that of its neighbors. This leads to a vergirta external shape.

The crystals found in all commercial metals are commonhedalrainsbecause

of this variation in external shape. The area along whiclstatg meet, known g

S

y

n

[ J— |

Df

| ™4

S

thegrain boundaryis a region of mismatch.




Liquid to Solid Phase Transformation: Solidification

Two crystal going to join

to from grain boundary

Growth of nucleated crysts

Grain boundary

Solidification Complete

“For sufficient Undercdoling”



Solidification of pure metal

 This mismatch leads to a noncrystalline
(amorphous) structure at the grain boundat
with the atoms irregularly spaced.

 Since the last liquid to solidify is generally -
along the grain boundaries, there tends tq I.;
higher concentration of impurity atoms in than:.
area. Figure (previous page) show,
schematically the process of crystallization
from nuclel to the final grains.

 Due to chilling action of mold wall, a thin skin

of solid metal is formed at the wall surface

Immediately after pouring.

 Grain structure in a casting of a pure metal,
showing randomly oriented grains of small
size near the mold wall, and large columnar
grains oriented toward the center of the
casting.
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Solidification of Alloys

J Most alloys freeze over a temperaty

range

 Phase diagram for a Cu-Ni alloy systg
and cooling curve for different allo

systems.

 Characteristic grain structure in an all
casting, showing segregation of alloyi

components in center of casting.

|re

PITEOLUMMNAE Ve
y ZOFE

EQUIAXED
ZOME

DY

sHEIMEAGE

|, —WOLD

1
¥ ,.-f’_ CHILL Z0HE

SLLLLILL L LI L LI L LLT

B I G o
- - . rary

g

14550C Liquid Solution
Liquidus
@ I
=
© .
9 Solidus |
= : 1083 °C
2 |
Solid solution
I
|
Ni % Cu— Cu

— Liquid cooling

Pouring Temperature

reezing begins

Freezing completed

e Solid cooling
Total Solidificatiorn
time
: >
Time —
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Comparison of cooling curves

Pure metal

Time (t)

A

Alloy

Soldification
begins

L+ S

Solidification
complete

Time (1)
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Cast Structure

d Chill Zone: A region of small,

randomly oriented grains that form:

at the surface of a casting as a re:
of heterogeneous nucleation.

O Columnar Zone: A region of
elongated grains having a preferr
orientation that forms as a result
competitive growth during th
solidificatior of a castinc.

O Equiaxed Zone: A region of
randomly oriented grains in th
center of a casting produced as
result of widespread nucleation.

£ Nucleation begins

Columnar grains

RYYYYYYYY

=] MV

i
P— =

[ —
P A

Figure: Development of the ingot structt

=

[ |

s
L

s

e

-

produces the

of a casting during solidification:

columnar zone

re preferred growth

Wlh EAELLA r.E__;

-Chill grains
Chill zone forms

Equiaxed grains

additional nucleation
creates the equiaxed
zone '



Nucleation

Solidification E Nucleation Growth

 Nucleation: localized formation of a distinct thermodynamic phase.

 Nucleation an occur in a gas, liquid or solid phase. Some examples of phases that

may form via nucleation include:
» In gas-creation of liquid droplets in saturated vapor

» In liquid-formation of gaseous bubbles crystals (e.g., ice formation fronenvat

or glass) region..
» In solid-Nucleation of crystalline, amorphous and even vacancy clustediah

materials. Such solid state nucleation is important, for examplehéosemi
conductor industry.

J Most nucleation processes are physical, rather than chemical.

 There are two types of nucleatiomomogeneouandheterogeneoud his distinction
between them made according to the site at which nucleating events occuhef
homogeneousype, nuclei of the new phase form uniformly throughout the pa
phase, where as for theeterogeneouype, nuclei form preferentially at structur
iInhomogeneities such as container surfaces insoluble impurities grain bown
dislocations and so on

or t
rent
al
darie




Nucleation

Homogenous

Nucleation

Heterogenous

= [t occurs spontaneously and
randomly, but it requires
superheating or supercooling of
the medium.

= Liquid — solid
walls of container, inclusions

= Solid — solid
Inclusions, grain boundarie:
dislocations, stacking faults

 The probability of nucleation occurring at point in the p#rgghase is same

throughout the parent phase

 In heterogeneous nucleation there are some preferredisitée parent phase

where nucleation can occur
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Nucleation

 Compared to the heterogeneous nucleation (which startsickation sites on
surfaces) homogeneous nucleation occurs with much mofeully in the
Interior of a uniform substance. The creation of a nucleydligs the formation
of an interface at the boundaries of a new phase.

O Liquids cooled below the maximum heterogeneous nucleatemperature
(melting temperature) but which are above the homogeneaudeation
temperature. (pure substance freezing temperature) aledcsuper cooled.

 An example of supercooling: pure water freezes at -42°Cerathan at its
freezinctemperatur °C.

|1 =4

Nucleation- The physical process by which a new phase is produced in a material.
Critical radius (r*) - The minimum size that must be formed by atoms clustering together
liquid before the solid particle is stable and begins to grow.

Undercooling- The temperature to which the liqguid metal must cool below the equilib
freezing temperature before nucleation occurs.

Homogeneous nucleation Formation of a critically sized solid from the liquid by tl
clustering together of a large number of atoms at a high undercooling (without an exi
interface).

Heterogeneous nucleaticrFormation of a critically sized solid from the liquid on an impur

In the

rium

‘ernal

ty

surface.
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roperties
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Mechanical properties of metals

The mechanical properties of a material reflects the amahip between its
response or deformation to an applied load or force.

Important mechanical properties are strength, hardness|ity, and stiffness.

These properties are ascertained by performing carefidlsigaed laboratory
experiments that replicate as nearly as possible the serwvitditions.

Factors to be considered include the nature of the applel dmd its duration, gs
well as the environmental conditions.

It is possibl¢ for the loac to be tensile compressive or sheal anc its magnitud:
may be constant with time, or it may fluctuate continuouslyplication time may
be only a fraction of a second, or it may extend over a periothahy years|
Service temperature may be an important factor.
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Concepts of Stress & Strain

Solids deform when they are subject to load (can be tenslmpeessive or sheail).
They can maintain or lose their shape

Tension Tests

J Most common mechanical stress—strain tests which is useddertain several
mechanical properties of materials.

A specimen is deformed, usually to fracture, with a graguiatreasing uniaxia
tensile load applied along the long axis of a specimen.

O The tensile testing machin¢ is designe to elongat the specime al a constar
rate, and to continuously and simultaneously measure stantaneous applie
load (with a load cell) and the resulting elongations (usingextensometer).

O The output of such a tensile test is recorded (usually on gooaten) asload or
force versus elongation

»

d

Reduced section

< ln o
o %3 |
0 $
A : 3n .
_ _ = -+ 0.505" Diameter - - (% 2 Diameter %
(R p— ;

‘_: 2II =_| C
I qn
Gauge length = Radius
- - - 8 - - 191
A standard tensile specimen with circular cross séion




Concepts of Stress & Strain

F
- | st om b
O Engineering stress : Tensile str¢o A SIUnit: Megapascals| -
I=I, _Al Tt
O Engineering strain : Tensile strai|€ = | > =T : |
o] o] | I
d do m . :4'_ _d_O - ->: 'Eﬂ
- | > |
i &= = | d |
- Lateral Strain |4 d, d | sStrainisalways dimensionless l l
yReNR
d Where | and ¢ are the original dimensions before any load is -"—;C T
appliec | anc d are the instantaneol dimension; Al anc Ad are ° Y
changes in dimensions. »
Ag
Compression Tests I J,— -/ﬁi
N L I

il

 Test is conducted in a manner similar to the tensile fest] N— _
except that the force is compressive and the specimen
contracts along the direction of the stress.

By convention, a compressive force is taken to|be| |. !
negative, which yields a negative stress. Furthermorey 7
since |, is greater tharl, compressive strains is also '
negative F 192




Concepts of Stress & Strain

Shear Tests

O For tests performed using a pure shear force, the shear

stress is computed according to

O Shearstress; =" | Shear stray =tand

A

 Where F is the load or force imposed parallel to the upper

and lower faces, each of which has an area gf.Alhe
shear strairy is defined as the tangent of the strain arfjle

Torsional Tests

 Torsion is a variation of pure shear, wherein a structur

of the member relative to the other end producing
rotational motion .

d Shear stress is a function of the applied torque T and/

shear strain is related to the angle of twgist

y

al S
member is twisted about the longitudinal axis of one gnd |

|
a | i
I
|
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Elastic Deformation

 Deformation in which stress and strain are proportional @led elastic
deformation.
O Elastic deformation is non permanent reversible defownatii.e. when

load/forces are released the body returns to its originafigoration (shape and

size). It can be caused by tension/compression or sheasforc
 Usually in metals and ceramics elastic deformation is sewestrains (< 169).

return to
initial

O Elasticity can be linear or Non linear. Metals and ceramisgally show linea
elastic behavior.
 Some materials (e.g., gray cast iron, concrete, and manymeos) exhibit nor
linear elasticity. Lon

R




Elastic Stress-Strain Curve

O A stress-strain curve is a graph derived from
measuring loadstress o) versus extensiors{rain-
g) for a sample of a material

 For most metals that are stressed in tension an
relatively low levels, stress and strain ¢
proportional to each other i.e.

O The slope of this linear segment corresponds to
modulus of elasticity E.

O This is known as Hooke’s law, and the constant
proportionality E (Gpa or psi) is thenodulus of
elasticity, or Young’s modulus. [ Load

| Unload

ied

Slope = modulus
of elasticity

Stress

o

O This modulus may be thought of as stiffness, G
material’s resistance to elastic deformation. T 0
greater the modulus, the stiffer the material, or i
smaller the elastic strain that results from e
application of a given stress.

Strain
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Elastic Stress-Strain Curve

O For materials showing ngn
linear  elasticity either
tangent or secant modulus s I
can be used to determine the =

1Al »F — = langent modulus (at o)
modulus of elasticity. 7 .

 Tangent modulus is taken as
the slope of the stress—strain
curve at some specifigo
level of stress, while secant
modulus represents the
slope of a secant drawr
from the origin to some
given point of the o—
curve. j

atEss o

o _ Secant modulus

] —

m

|74
.
e,
oy
-
-
L |L,- ‘-
.

£ \Detween orgin and oy}

U

Strain «
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E(GPa)
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Young’s Moduli : Comparison

Graphite :
Metals P . Composites
Ceramics Polymers .
Alloys . fibers
Semicond
I Diamond
Si carbide
=1 ® Tungsten Al oxide ®Carbon  fibers only
® Molybdenum Si nitride
Steel, Ni ®C FRE(|| fibers)*
Tantalum <111>
Platinum Si crystal -
iCu alloys <100> ®A ramid fibers only
&iher Gold
— ilver, Go _ @A FRE(] | fibers)*
— $ Aluminum ® Glass soda Glass fibers only
o Magnesium, ®G FRE(]| | fibers)*
® Concrete
— GFRE*
CFRE =
® G raphite @G FRE( filers)*
®C FRE( fiblers) *
- OAFRE( fibdrs) *
olyester
ET
PS
PC ®Epoxy only
epp
— ®HDP E
—_— ®Wood( grdin)
®pPTF E
®| DPFE

Eceramics
> Emetals
>> Epolymers
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Plastic (Permanent) Deformation

d

d

Plastic deformation in the broadest sense means permar@rimtion in the
absence of external constraints (forces, displacements).

From an atomic perspective, plastic deformation corredpdo the breaking @

bonds with original atom neighbors and then reforming bomitis new neighbors
as large numbers of atoms or molecules move relative to ooéghan upon

removal of the/gress theygo/not return to their originalfpmss.

=

Yoo

d elastic + plastic

x

F

For most metallic materials, elastic deformation persistly to strains of abou
0.005. As the material is deformed beyond this point, thesstris no longe

proportional to strain (Hooke’s law) and permanent/noovecable/plasti¢

deformation occurs.

The transition from elastic to plastic is a gradual one forstmmetals; som
curvature results at the onset of plastic deformation, iwimcreases more rapid

J

f

t

-4

ly

with rising stress. 198




Schematic of Stress-Strain diagram showing plastic deforation resulting from
Simple tension test at lower temperatures, i.e. T < Melt/3

Proportional Limit
A Elastic + Plastic

at larger stress

)
(7))
o
a P
@)
£
®
Q’ .
%) Permanent (plastic)
S after load is removed

. » . )
> ep engineering strain, e

plastic strain
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Tensile Properties

Yielding : Yielding is the beginning of plastic deformation

proportional limit : The point at which there is a deviation from the straight
‘elastic’ regime

ne

Yield Strength (o)

 Stress at which noticeable plastic deformation has ocdurre

 The magnitud: of the yield strengtl for a meta is a measur of its resistanc to
plastic deformation.

O For metals that experience gradual elastic—plastic tiansia curve is drawn
parallel to the elastic line at a given strain like 0.2% (=02pto determine the
yield strength.

For materials having a nonlinear elastic region the yialdngjth is defined as the
stress required to produce some amount of stka#n(.005)

 Some materials elastic—plastic transition is very welirtkd and occurs abruptly
(yield point phenomenon). For these materials yield stiteng taken as the
average stress that is associated with the lower yield point




Tensile Properties
Elastic | Plastic
I =
|
S oos oo = Upper yield
= 1|_ ! point
!
' /
| /
| /
| /
| ! Oy |l—————— i
i P 8 Lower yield
= ! £ point
(] ! o)
/
/
!
{
I.'
!
/
i
!
/
_f
i/
/
i
!
/
Strain Strain

g ~— (.002

Typical stress strain behavior for a metal Representativetress—strain behavior found for
showing elastic and plastic deformations, the some steels demonstrating the vyield point
proportional limit P, and the yield strength as Phenomenon.

determined using the 0.002 strain offset method. 201
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Yield Strength : Comparison

Metals/ Graphllte/ Composites/
Ceramics/  Polymers .

Alloys . fibers
Semicond

oSteel (4140) At

Ti (5Al-2.55n) @
¢ tpure

oCu &71500) cw
® Mo (pure)

()
: =
ke £
®Steel (4140) @ 2 N
e Steel (1020) ¢d v 29
_— .9 3 é
O Al (6061) a8 g . g0
h " Q E o]
—1 ®Steel (1020) Nr v.2 58 ¢
,T|(ure)a 2 9 £-é§
o pure) hr © O VKo
Cu (71500) 2= £ £ >
= =
o 3 2 =S
— = T35
— e dry c 0w
— © 3 I B S
I O PC % -
— © $ Nylon6,6 &
1 *Al (6061) @ = pep o EE
5  §pyc humid g5
— .2 U .g)
] 8 2 ESZ
c H DPE c
3 S
—— [ C
£ £
. LDPE
o Tin (pure) I

Room T values

a =annealed

hr =hotrolled

ag = aged

cd =cold drawn

cw = cold worked

qt =quenched & tempered

Oy(ceramics)
>>0y(metals)
>> Oy(polymers)
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Tensile Strength (TS)

O The tensile strength TS (MPa or psi) is the stress at the mawimon the
engineering stress—strain curve

TS

__—F = fracture or
c ultimate strength
1)
oy
S T Neck- acts asstress
< concentrator

engineering strain

 Metals : This is the point when noticeable necking starts.
[ Ceramics : Crack propagation starts at this point.
O Polymers : Polymer backbones are aligned and about to btehis @oint.

203



strength, TS  (MPa)

Tensile

Tensile Strength: Comparison

Metals/ Graph.lte/ Composites/
Ceramics/ Polymers .
Alloys . fibers
Semicond
5000 — C fibers
$Aramid _fib
3000 — E-glass fib
2000 = oSteel (4140) At
®AFRE (|| fiber)
1000 — :\T/\I_/ E_E:lr;)ss 8 ®Diamond ®GFRE (|| fiber)
-2.55n ®C FRE (|| fiber)
— :ggeiglggggwﬁﬁ Si nitride
— ¢Cu (71500) Nr ;
*Stee) (10%0 IAI oxide
300 — .1A_I é6061)) aa
i (pure
200 —1®T1a (pure)
d
100 — oAl (6061} 1Si<clrggzal TG ®wood(| | fiber)
pm— ylon o,
— ®Glass-soda Ig\(/:C PET (Lfiber)
40 — oGFRE iber
30 — eConcrete ¢ pp eCFRE (Lfiber)
—_ HDPEI AFRE( fiber)
— Graphite
20 L DPE
10 =
T e wood (Lfiber)

Room T values

a =annealed

hr = hot rolled

ac = agel

cd =cold drawn

cw = cold worked

gt =quenched & tempered
AFRE, GFRE, & CFRE =
aramid, glass, & carbon
fiber-reinforced epoxy
composites, with 60 vol%
fibers
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Ductility, %Elongation

Ductility may be expressed quantitatively as eigpencent elongation or percent
reduction in area.
d  The percent elongation %EL is the percentage of plastic straacaitre

L. —L

%EL = —+1—0 x 100
L

o

A smaller %L

Engineering Tensile Streso

O Another ductility measure: ora = 2o 2 100
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Toughness

O Energy required to break a unit volume of material

O It can be approximated by the area under the stress-strame ap to the poin
of fracture.

small toughness (ceramics)

o A
()
& A large toughness (metals)
3]
7 \
3
= | very small toughness
5 | : unreinforced polymers)
g | |
> | .
| 1
L I , .

Engineering tensile strain,

O ForBrittle fracture: elastic energy
O ForDuctile fracture: elastic + plastic energy

[ g ol
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Resilience, U ,

 Resilience is the capacity of a material to absorb energynwhes deformed

elastically and then, upon unloading, to have this energguered.

d Modulus of resilienceJ, is the strain energy per unit volume required to str

a material from an unloaded state up to the point of yielding.

Stress

—  =0.002 g€y Strain

U,

= j;y ode

If we assumee alineaarstresssstadn

curvettiissimplifies to

U

r

1
[] ?O'ygy
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Hardness

 Resistance to permanently indenting the surface.

 Large hardness means:
v’ resistance to plastic deformation or cracking in compogssi
v better wear properties

Shape of Indentation Formula for
Test Indenier Mide Vi Top View Load Hardness Number®
Brinell 10-mm sphere .2 J P 2P
HBE = —
of steel or —-I d |-H 7DD - VD — i
tungsten carbide e
Vickers Diamond 1367 d a P HV = 1.854P/d}
microhardness pyramid \( _b:"\ﬁ’—’ u}’
Knoop Diamond .J' t h P HK = 142pP/1
microhardness pyramid — ___ﬁE
ih =711 1‘_

hit = 4.00 L*f‘-‘

Rockwell and
Superficial
Rockwell

Diamond 1207
COne
T, 1 3N,
diameter o

steel spheres

i) kg}

100 kgt Rockwell
150 kg}
15 kg|
3 kg rSuperficial Rockwell
45 kg
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True Stress & Strain

J True stress :|0, =

O True strain 1&r.e = |n|—'

g, =0(+¢)

d The relation with Eng. Stress and Eng strain e =n(L+e)

O Neckin¢ begin« al point M on the engineerin curve which corresponc to on
the true curve. The “corrected” true stress—strain curikesanto account the
complex stress state within the neck region.

True

A comparison of typicaj~
tensile engineering
stress—strain and trug
stress—strain behaviors )

M

Stress

Engineering

Strain 505



What happens after necking?

Following factors come in to picture due to necking:

Till necking the deformation is ~uniform along the whole gauge length.

Till necking points on the-¢ plot lie to the left and higher than the s-e plot (as below)
After the onset of necking deformation is localized around the neck region.
Formulae used for conversion of ‘e’ @ and ‘s’ to ‘c’ cannot be used after the onset of
necking./g =s(1+e) |¢ =In(1+e)
Triaxial state of stress develops and uniaxiality condition assumadydhbe tesbreaks
down.

Necking can be considered as an instability in tension.

Hence, quantities calculated after the onset of necking (likeufeastressg;) has to be
corrected for:i( triaxial state of stresgii) correct cross sectional area

o0 O 0000

—— — F!‘
Stress correction
for necking

Aberve andd fo the Tefi (G necking)

.8 —

e — 210




Mechanisms/modes of plastic deformation

 Plastic deformation in crystalline solid is accomplishegl imeans of various
processes mentioned below; among which slip is the mostrtapomechanism.

 Plastic deformation of crystalline materials takes plagar®chanisms which afe
very different from that for amorphous materials (glassB&stic deformation i
amorphous materials occur by other mechanisms includiogy f~viscous fluid

and shear banding.

—

j—

Plastic Deformation in Crystalline Materi

7/
/
7
4
/
/
7
7
/

Slip

motion)

(Dislocation

Twinning

Phase Transformatio‘n

Creep Mechanisms

+ Other Mechanisms

Grain boundary indin@—

- >

Grain rotation

Vacancy diﬁusion}«

Dislocation climb

<+
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Plastic deformation by dislocation Motion (SLIP)

Basic concepts

 SLIP is the most important mechanism of plastic deformatiorAt low
temperatures (especially in BCC metals) twinning may aesmime important.

At the fundamental level plastic deformation (in crystadlimaterials) by slip
Involves the motion of dislocations on the slip plajoeeating a step of Burgers
vector).

 Slip is caused byshear stresse@t the level of the slip plane). Hence, a purely
hydrostatii state¢ of stres canno caus: slip.

 Aslip system consists of a slip direction lying on a slip @an
 Slip is analogous to the mode of locomotion employed by arpii

Unit Step of Slip

Shear Stress

<>
e 8 J
B oo %
8 9 )
'E:?}--Q )
209990 4
®ee 2




Direction of Dislocation Motion

. |Direction
. |of motion

Direction

of motion \
:) =

Screw dislocationline movesperpendicular to applied stress
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Slip systems

Dislocations move more easily on specific planes and in specific directions.

Ordinarily, there is a preferred planglip plane) and specific directiongslip
direction) along which dislocations move. The combination of slip plane and
direction is called thelip system

The slip system depends on the crystal structure of the metal.

The slip plane is the plane that has thest dense atomic packirfthe greatest plane
density. The slip direction is most closely packed with atonigsgfest linea
density).

In CCP, HCP materials the slip system consists of a close packedialren a close

packe( plane.

Just the existence of a slip system does not guarantee.silip is competing again
other processes like twinning and fracture. If the stress to cause slipyihigh (i.e.
CRSS is very high), then fracture may occur before slip (like in brittlammers).

For slip to occur in polycrystalline materials,jndependent slip systerase required.

Hence, materials which are ductile in single crystalline form, may not béleluic
polycrystalline form. CCP crystals (Cu, Al, Au) have excellent ductility

At higher temperaturesmore slip systems may become active and hg
polycrystalline materials which are brittle at low temperature, mayobe ductile a
high temperature.

slip

==

r

—

51

ence
t
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Example of slip systems

Crystal Slip plane(s) Slip direction  Number of sli®ms
FCC {111} 14<110> 12
HCP (0001) <1120> 3
BCC {110}, {112}, {123} Y5[111] 48

NaCl (lonic) {110} L
{111} not a slip plane /2<110> 6
C (Diamond {111} 14/<110> 12
cubic)
TiO2(Rutile) {101} <10 1>
Cak, UO,, Th -
2 U0, THO, {001} <1710>
Fluorite
CsCl {110} <001>
NacCl, LiF, MgO
Rock Salt {110} <110~ 6
C, Ge, Si
Diamond cubic {111} <110~ 12
MgAI,O _

92 {111} <1710>

Spinel

AlL,O _

23 (0001) <1120>

Hexagonal
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Dislocation
formed by

pushing in |

a plane

microscopic slip to macroscopic deformation

/7
-

2

Step formed

4 when dislocation

'| leaves the crysta

~
~

1
\

\

= '
O ---_

Now visualize dislocations being punched in
finally leaving the crystal

on successlaags -~ moving and
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This sequence of events finally leads to deformed shape

Net shape cha@
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Stress to move a dislocation: Peierls — Nabarro (PN) stress

At the fundamental level the motion of a dislocation invaibe rearrangement |of
bonds which requires application of shear stress on theklife.
[ Consider plastic deformation is the transition betweenippad to slipped state. As
this process is opposed by an energy barngr;, the materials cannot make the
transition simultaneously.
To minimize the energetic of the process the slipped matenih grow at the
expenses of the unslipped region by the advance of an interf@gion (width o

the dislocation w)

—

Energy

Energy change from unslipped to slipped st

-—-{-——---Slipped state

- ——————+—— Unslipped state

Displacement

T I I T\ /—I 1 I Stages in the growth of slipped regi
N AP

Unslipped region

G

" .
Slipped region Interfacial

—_— regicn
218



Stress to move a dislocation: Peierls — Nabarro (PN) stress

U

 The original model is due to Peierls & Nabarro (formula asobgl and the
‘sufficient’ stress which needs to be applied is called Fgidabarro stress (BN
stress) or simply Peierls stress.

2mv )| =G — shear modulus of the crystal
= w — width of the dislocation!!

_ _( b
Ty =Ge - b ol

Width of the dislocation is considered as a basis for the @dismotion of &
dislocatior in the mode which is a functior of the bondin¢in the materia.

O Peierls equation shows that wide dislocations will reqliong stress to move the
dislocations

O In ceramics the interfacial energy is high and the dislocatvidth is very narrow.
Hence they are relatively immobile compared to ductile male (dislocation width
nearly 10 atomic spacings).

 Ceramics become ductile t high temperature as thermal aictiv help the
dislocations to overcome the energy barrier

Pt
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Slip in Single Crystal

O If a single crystal of a metal is stressed in tension beyond its eléstig it
elongates slightly and a step appears on the surface due to the relativeeahsghd
of one part of the crystal with respect to the others and the elongation stops.

 Further increase in the load causes movement of another parallel planengesu
another step. Similarly number of small steps are formed on the suofat®e
single crystal that are parallel to one another and loop around the circundevénc
the specimen.

] Each step (shear band) results from the movement of a large number of dislocations
and their propagation in the slip system.

t

Direction
of force

Slip plane

Macroscopic slip in single crystal Slip in a zinc single crystal 220



Critical Resolved Shear Stress (CRSS)

L Extent of slip in a single crystal depends on the magnitude of shearing stress gudmy
external loads, geometry of the crystal structure and the orientation adthe slip planes

a

with respect to the shearing stress.

Slip begins when the shearing stress on slip plane in the slip directioniiRds8hear
Stress (RSS) reaches a critical value called the Critical Res@wear Stress (CRSS) a

plastic deformation star{d he actual Schmid’s law)

Even if we apply an tensile force on the specimerthe shear stress resolved onto the

Force
Area

Stress = (

plane is responsible for slip.
F Cosa )

).
7 =
(A/Cose

Schmid factor

Slip plant
normal W\

1%

20

Slip direction
/ T

A:(c:sej

Externally only
tensile forces are
being applied221

\%4

nd
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Critical Resolved Shear Stress (CRSS)

d 1t Rgs IS maximum (P/2A) whe = 1=4%°
O If the tension axis is normal to slip plane &9 or if it is parallel to the slip
plane i.e$ = 9CPthent 5 = 0 and slip will not occur as per Schmid’s law.

Schmid’s law

Slip is initiated when |T rss 2 T cRrsd

d T.rssIS @ materia paramete which is determine from experiment

—_ z-CRSS

g =
Y CosfCo®

Yield strength of a single crystal
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Solved Example

Consider a single crystal of BCC iron oriented such that a tensile sg@gplied along a [010

direction.

(a) Compute the resolved shear stress along a (110) plane and in a [111] dirgbBona
tensile stress of 52 MPa (7500 psi) is applied

(b) If slip occurs on a (110) plane and infa11]  direction, and the criticolved shear stres

Is 30 MPa (4350 psi), calculate the magnitude of the applied tensile streessaey td

]

initiate yielding.

Solution
a. Determint the value of ,the angle betweel the norma to the (110) slip plane (i.e., the
[110] direction) and the [010] direction using,fyw,] = [110], [u,v,w,] = [010] and the
following equation.
0= cosh LUz + VAVz + WA L
U7 VW) (U + V" + W) G/“F O/; i i g
|
o= COS—{ 0(0) + DA + (O)(0) j s : = tameit
V@ + @ + 0)°][(0)° + (©)° + (0)°] [TL1} Yo T Il g S
_1( 1 ) 45 ¥ *; - > \ D|rLec;|nrt1 of
=COoS (——) = applied stress
2 [0101]
\/7 223




Solved Example

 Similarly determine the value a@f, the angle betwed11] and [010] directions
follows:

- Cosl( (9O + OO + OO J cos’ )= 547
D + @ + OO + @ + 0] E

d Then calculate the value of;ssusing the following expression:
T rgss= 0 COSp COSL
=(152 Mpa)(os 45)(co< 54.7
= 21.3 Mpa
= 13060 psi

d Yield Strengtho,

30MPa

g, = =73.4Mpa
(cos45)(cos54.7)
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Solved Example 2

Determine the tensile stress that is applied along|the]
slip on the (111) [011] system. The critical resolved shear stress is 6 MPa.

axis of a silveakctysause

Solution:

 Determine the ang
following equation.

l¢ between the tensile axi[S;iO] an

d normal (a1)

cosqaz{

cosd = .Uz + Va2 + WAW:
J(U2 + V2 + W) (U +Ve" + We?)
OO + ()= + O)(-D) } _ 1 2
J@7 + (=17 +(0)°1[(D)° +(-1)° +(-1)°] ) J2v3 /6

 Determine the ang

le between tensile axiguo] and slip directiqoi1

D(0) + (=D(=1 + O)(-1)

cos/ :£

J@7 + (=D + 0)°1(0)* + (-1)* + (-1)°]

-_+ .1
V242 2

 Thencalculate the Tensile Stress using the expression:

g =

P Trss 6MPa

= = 66 =14.7Mpa

chosq)cosﬂ _7 o 1
V6 2

using

225
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Plastic deformation by Twin

C O 0O O

In addition to slip (dislocation movement), plastic deformation can asour by
twinning.

Twinning results when a portion of the crystal takes up an orientation tin@liaited to the
orientation of the rest of the untwinned lattice in a definite, symmetvesi.
Twinned portion of the crystal is a mirror image of the parent crystal thedplane of
symmetry between the two portions is called twinning plane.

Twinning may favorably reorient slip systems to promote dislocation movement.

Polished surface

Twin plane

0 - Atoms that did not move
(> - Original positions of the atom
® - Final positions of the atoms

l Twin plane
S P

Schematic diagram showing how twinning results femmapplied shear stress
226




Plastic deformation by Twin

U O D0OO0

Twins are generally of two types: Mechanical Twins and Annealing twins

Mechanical twins are generally seen in bcc or hcp metals and produced undidracs

of rapid rate of loading and decreased temperature.

Annealing twins are produced as the result of annealing. These twins are geseeal in

fcc metals.
Annealing twins are usually broader and with straighter sides than mechtwiicsl

(@) Mechanical Twins (Neumann bands in iron), (b) Mechdnibains in zinc produced
polishing (c) Annealing Twins in gold-silver alloy




Plastic deformation by Twin

J

Twinning generally occurs when the slip systems are résttior when the slif
systems are restricted or when something increases theatmnésolved shear
stress so that the twinning stress is lower than the stressifio
So, twinning generally occurs at low temperatures or higairstrates in bcc or
fcc metals or in hcp metals.

Twinning occurs on specific twinning planes and twinningedtions.

S(frrli/c?ttj :e E-i-g:i\c;les UL (Hts Di-rlzvcitri]on
BCC a-Fe, Ta (112) [111]
HCP Zn, C%? Mg, | @or2) [101]
FCC Ag, Au, Cu (111) [112]
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Difference between Slip and Twin

Slip

Twin

The crystallographic orientation above
and below the slip plane is the same
both before and after the deformation

Slip occurs in distinct atomic spacing
multiples

Slip Leaves a series of steps (lines)

Normally slip results in relatively large
deformation

Mostly seen in FCC and BCC structure,
as they have more slip systems

Orientation difference I1s seen acrg
the twin plane

the atomic displacement for twinning
less than the inter-atomic separation

Twinning leaves small but well define
regions of the crystal deformed

Only small deformations result fc
twinning
Is most important for HCP structure

because of its small number of sli

)SS

S

d

system

- Twin

i planes
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Plastic deformation of Polycrystalline Materials

Plastic deformation in polycrystalline materials is veonplex than those in the
single crystals due to the presence of grain boundarieigreiift orientation of
neighboring crystals, presence of several phases etc.
Due to random crystallographic orientations, the slip efaand slip direction
varies from one grain to another
As a result the resolved shear stress;will vary from one crystal to another and
the dislocations will move along the slip systems with falde orientation (i.e.
the highest resolved shear stress).

When a polished polycrystalline specimen | of
copper is plastically deformed, two slip systems
operate for most of the grains (evidenced by two
sets of parallel yet intersecting sets of lines).

Slip lines are visible, and the variation in grain
orientation is indicated by the difference |in §
alignment of the slip lines for several grains. | . §




Plastic deformation of Polycrystalline Materials

O During deformation, mechanical integrity and coherenay aintained along
the grain boundaries; i.e. the grain boundaries usuallydd@ome apart or open
up.

 As a consequence, each individual grain is constrainedoneesdegree in the
shape it may assume by its neighboring grains.

Alteration of the grain structure of a polycrystalline nmeda a result of plastic deformation (a)

Before deformation the grains are equiaxed. (b) After dafdron elongated grains are produced
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Strengthening Mechanisms

O The ability of a metal to deform depends on the ability of th&atations ta
move and the slip of dislocations weakens the crystal. Hameehave two
strategies to strengthen the crystal/material:

» completely remove dislocations difficult, but dislocation free whiskers have begn
produced(however, this is not a good strategy as dislocations can nucleate during
loading)

» Increase resistance to the motion of dislocatimngut impedimentso the motion of
dislocations- this can be done in many ways as listed below.

Strengthening mechanis

Grain boundary

A~

Solid solution| | Precipitate & Dispersoid | Strain hardening

by adding introduce precipitates or  Increase point  grain boundaries
interstitial and  inclusions in the path of defect and provide an
substitutional dislocations which dislocation impediment to

alloying impede the motion of density the motion of

elements). dislocations dislocations
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Solid Solution Strengthening

The introduction of solute atoms into solid solution in tl@vent-atom lattice

invariably produces an alloy which is stronger than the poe¢al
Two types of solid solutions:

= Substitutional solid solutions» Solute atoms occupy lattice points in t
solvent lattice (Hume Rothery’s rules are to be satisfied)

= [nterstitial solid solutions-» Solute atoms occupy interstitial positions in {
solvent lattice (Carbon, Nitrogen, Boron, Oxygen, Hydmgee the commo
interstitial solutes)

The stres fields arounc solute atom: interac with the stres fields arounc the
dislocation.

This interaction provides frictional resistance to disibans motion and stati
locking of dislocations

The factors playing an important role on strengtheningogffe
= Size of the solute
= Concentration of solute

= Elastic modulus of the solufdigher the elastic modulus of the solute gres
the strengthening effect)

L4

he

he
N

C

1ter

= Nature of distortion produced by solute ator8plerical or Non-spherizcggl




Effect of Size and Concentration of Solute

P : For the same size difference the
| Size difference smaller atom gives a greater

Size effect depends on:

strengthening effect

200

Concentration of the solute) | (T, Oc

Matrix: Cu (r = 1.28 A)

 More the size difference, more
the intensity of stress field
Be(1.12) .

around solute atoms and morq is

the hardenin: effec..

O Large the concentratign
difference, more obstacles o
dislocations motion and strength
iIncreases (Increase vy IS
proportional to concentration oOf
the solute).

(Values in parenthesis are atomic radius value&)in

Solute Concentration (Atom %)» Solute strengthening of Cu crystal

0 10 20 30 40 by solutes of different sizes ..,



Solute atoms

7’

By 1 o; (lattice friction)

|
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Relative strengthening effect of Interstitial and S

ubstitutional atoms

(approximately) a spherical distortion field.

O Interstitial solute atoms have a non-spherical distortion field and caricalhs
interact with both edge and screw dislocations. Hence they give a higher hardening
effect (per unit concentration) as compared to substitutional atoms which

have

Interstitial

C.,N

Si

Mn
L i _

1 1
1.0 2.0
% alloying element

Substitutional

Interstitial

) Ml TP e |

Solute atoms

Substitutiona

mjuijaugagig

-F:VIj




Hardening of Precipitates

Precipitates may be coherent, semi-coherent or incoherent. Cof&samhi-coherent)
precipitates are associated with coherency stresses.

Dislocations cannot glide through incoherent precipitates.

Inclusions behave similar to incoherent precipitates in this regezdipitates are part of
the system, whilst inclusions are external to the alloy system

A pinned dislocation (at a precipitate) has to either climb ogrhich becomes
favourable at high temperatures) or has to bow around it.

Glide through the precipitat — if the precipitate is coherent with the matrix

Dislocatior
Get pinned by the precipitate

Only if slip plane is continuous from the matrixdbhgh the precipitate> precipitate iscoherentwith
the matrix.
Stress to move the dislocation through the preatipits ~ that to move it in the matrix (thougkhsit |
usually higher as precipitates can be intermetabimpounds).
Usually during precipitation the precipitate is eodnt only when it is small and becomes incohere
on growth.

Small 0 Large
Coherent - Partially coherent ~ Incoherent

Glide of the dislocation causes a displacementh@tipper part of the precipitate w.r.t the lowat pa
by b — ~ cutting of the precipitate. 237
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Schematic views
— edge dislocation glide through a coherent preciig

¥<

> E Precipitate particle




If the particle is sheared, then how does the harde  ning effect come about?

 We have seen that as the dislocation glides thrthgprecipitate it is sheared.

O If the precipitate is sheared, then how does éradhy resistance to the motion pf
the dislocation? I.e. how can this lead to a hardgeffect?

 The hardening effect due to a precipitate comesitadhiee to many factors (many
of which are system specific). The important orresliated in the tree below.

Glide through the precipitat — if the precipitate is coherent with the matrix
Dislocatior

Get pinned by the precipitate

Increase in surface area due to particle shearing

Hardening effect

Part of the dislocation line segmdmtside the
precipitate)could face a higher PN stress
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Orowan bowing mechanism :  Pinning effect

O Dislocations can bow around widely separated inclusionsthis process thegy
leave dislocation loops around the inclusions, thus leadoh an increase in
dislocation density. This is known as the Orowan bowing raagm as shown in
the figure below. This is in ‘some sense’ similar to the Frank-Read mechahism

O The next dislocation arriving (similar to the first one)eke a repulsion from the
dislocation loop and hence the stress required to drivehdurdislocations
increases. Additionally, the effective separation distarfthrough which the
dislocation has to bow) reduces from ‘d’ to,'d

1>

Widely
d spaced |:> |:>

inclusions

@ ® (O

—

Dislocation
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Precipitate Hardening effect

The hardening effect of precipitates can arise in many wayseéow:

d

d

O

Lattice Resistancehe dislocation may face an increased lattice frictioesstrin
the precipitate.

Chemical Strengtheningrises from additional interface created on shearing
Stacking-fault Strengtheninglue to difference between stacking-fault ene

between particle and matrix when these are both FCC or HCEr(\wslocations

are split into partials)

Modulus Hardenin¢ due to difference in elastic moduli of the matrix anc
particle

Coherency Strengtheninglue to elastic coherency strains surrounding
particle

Order Strengtheninglue to additional work required to create an APB in cas

rgy

\J

the

e of

dislocations passing through precipitates which have dared lattice
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Strengthening by Dispersoids

In dispersion hardening, the hard particles are mixed widtrisn powder and

consolidated and processed by powder metallurgy techsique

Example:Thoria dispersed Nickel. Fine particles of Thoria are dispersed in {the

nickel matrix and the inter particle distance is enough todér the dislocation

movement thereby increasing the strength up to 0.9 timg§T ] in °C).

In dispersion hardening, dispersoids are incoherent wi@ matrix and

dislocations cannot glide through these dispersoids artsl pgened.

A pinned dislocation (at a precipitate) has to either climierat (which become
favorable al high temperature: or has to bow arounc it (Orowan’s Mechanisr of
Dispersion Hardening)

Dislocation loop exert a back stress on dislocation whickdseto be overcon
for additional slip to take place and this causes hardening.

Dislocation
Loop

Dislocation
Direction of ‘\ Q ‘ Q
Dislocation : :
Dispersoid
Motion ) P
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Strain Hardening : Forest Dislocations

What causeStrain hardening?> multiplication of dislocations

Strain hardening

Annealed material
. o O Bemer S - -
P disiocatio n "~ (10 -10 ) P disiocatio n (10 - 10 )

= Why increase Iin dislocation density ?

= Why strain hardening

If dislocations were to leave the surface
of the crystal by slip / glide then the
dislocation density should decrease
on plastic deformation-» T
but observation is contrary to thiso

il

This implies some sources of dislocat|jon M

multiplication / creation should exist 23
E —




Some specific sources/methods of formation/multiplication of dislocations include

O It is difficult to obtain crystals without dislocations (under spkeconditions whiskers
have been grown without dislocations).

[ Dislocation can arise by/form:
= Solidification (errors in the formation of a perfect crystéida)
» Plastic deformation (nucleation and multiplication)
= [rradiation

O High stresses

» Heterogeneous nucleation at second phase particles
» During phase transformation

U Frank-Read source
[ Orowan bowing mechanism

Strain hardening

J We had noted that stress to cause further plastarhation (flow stress) increase
with strain - strain hardening. This happens at

O Dislocations moving in non-parallel slip planes can intetswith each other-
results in an increase in stress required to cause furtlzatipldeformation=
Strain Hardening / work hardening

d One such mechanism by which the dislocation is ifmhzed is the Lomer-Cottre
barrier. 244
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Strengthening by Grain Boundary

O Grain boundary is the boundary between two grains in a polycrystalline aggregate
this is the region of a disturbed lattice which is of few atomic diametetamnie.
 There are two important ways in which grain boundary acts as a barrier to
dislocation
= Difficulty for a dislocation to pass through two different grain oriditas (need to
change the direction)
= The atomic disorder within a grain boundary region contributes to a discontinuity
slip planes from one grain to other.

O
Grain boundary- O O
A 00

0000000\ °5"0,0
0000000\ /0 0
. 00009000070 0.0
ip plane — m-mmmem oo L2 L) ‘00 0
0000 000\ 00
0000000006%?
0000 0000
Grain A

<

Dislocation pile-up at grain boundarie

and

the

of



Hall — Petch Relation

O A fine grained material is harder and stronger than one that is coarse gsaned
greater amounts of grain boundaries in the fine grained materials impedeatistoc
maotion.

 The general relationship between yield stress (tensile strength) amdl gjze was
proposed by Hall and Petch, which is known as Hall-Petch relation.

Grain size, d (mm)

1
T 107! 1072 5x 1073
Ove«a — 0o T kyd 2 200 [— | | 30
Where,
= 150 ~
Oy = Yield stress s % <
o, = Friction stress or resistance to % o
dislocation motion £ 100 =
= Locking parameter or the E 1o E
hardening contribution from "
the grain boundary
d = Grain diameter
0 | | | 0
4 8 12 16

Influence of grain size on yield strength of 70Cu-30Zn Br4
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Yield-Point Phenomenon

Many metals, particularly low carbon steel, show a localized,rbgneous type of
transition from elastic to plastic deformation which produces a yield pairthe

stress-strain curve.

For these metals, load increases
steadily with elastic strain, drops
suddenly, fluctuates around a certain
value (Plateau region) and then rises
with further strain.

The load at which sudden drop occurs
corresponds to theipper yield point
the constar loac is callec the lower
yield point and the elongation that§
occurs at constant load is called thes
yield-point elongation

At the wupper vyield point, plastic
deformation is initiated forming a
discrete band of deformed metal,
known as Luders @mndHartmann lines

or stretcher strains

Then these bands propagate to cover
the entire length of the specimen.

Upper Yield

&Eoint

Unyielded
Metal

Yield Elongation

Lower Yield
Point

N AN

\

Liders bands

Strain
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Explanation of Yield-Point Phenomenon in terms of D Islocation Behavior

a

o O 0O O

U

Solute atoms in a solution (Carbon or Nitrogen atoms in iron) readily diffose the
minimum energy positions (distorted regions near the dislocations line) whaé
material is stress-free.

The interaction between the solute atoms and the dislocation line istvengsand somd
breakaway stress is needed to pull a dislocation line away from the line oé starns.
When external stress is applied, the dislocations ‘tears off’ its pinningt@nd the
stress required for this defines the upper yield strength.

After the dislocation has left its pinning points, it is more mobile thafolee and the
yield strength reduces (lower yield strength).

The dislocation release into the slip plane: pile up al the grair boundarie anc produce
a stress concentration at its tip which in turn increases the strélse neighboring grair
allowing dislocations there to become mobile as well.
This results in the formation of narrow bands of localized deformation, seecalliders
bands within the material.

This alternation between local hardening by dislocation pile-up and rdnudvthis
deformation obstacle by tearing off dislocations in the neighboring grauses a
strongly serrated flow curve (yield point elongation).

Only after the Luders bands have spread throughout the material and all tisiscare
removed from their pinning points, the yield strength increases beyond the YosVe
strength by work hardening.

\) %4

\U
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Preferred Orientation (Texture)

O In Latin, textor means weaver and in materials science, textur@dsway in which &
polycrystalline material is woven.

Y,

No texture mn the material Fully textured material

L \ Y 4

X AN N —— N e \

=8 O, )

SR ~J / \____ . o — ! |_ /

T . * / \

O N\ ) N

Individual crystal is having different All erystals orientated along X

orientation (this 1s an ideal situation)

Reference Axes

L Polycrystalline material is constituted from a large number of smajétallites (limited

volume of material in which periodicity of crystal lattice is presefch of these crystallite

has a specific orientation of the crystal lattice .

" RD  Afully textured sheet
A texture-less sheet The cube texture

(Configuration like a powder aggregate) (001) || ND (Sheet Normal Direction)
[100] || RD (Sheet Rolling Direction) 249




Preferred Orientation (Texture)

When a metal undergoes a severe amount of deformation, its crystallograpies ﬂ)la

tend to orient themselves in a preferred manner with respect to theticlreaf
maximum strain; in which case the material is said to have a “texture”.

The type of preferred orientation which is developed depends mainly on numbe
type of slip systems available, principal strains, temperature of detowmmand type of
texture present prior to deformation.

For uniaxial deformation or other processes, texture is expressed in termilesf
indices of directions [uvw] aligned along the specimen axis, also called takere.

Fiber texture is symmetrical to the wire axis. BCC metals have a téeure with
<11C> directior paralle to the wire axis. FCC metal: have double fiber texture with
both <111> and <100> directions parallel to the fiber axis.

Texture develops or changes due to: (i) Crystallization/ solidificatioonf{fa non-
crystalline / liquid state) (ii) Plastic deformation (by slip amdrining) (iii) Annealing
(from the same phase) (iv) Phase transformation (from a different phase)

Texture resulting from plastic deformation is strongly dependent on avaitdipl and
twinning systems but is not affected by processing variables like die angjle,
diameter, speed etc. Thus, same texture is produced whether a rod is matimgyr

drawing.

Recrystallization of a cold worked metal produces a texture which isrdrffefrom

and stronger than that existing in the deformed metal. This is calednnealing or
Recrystallization texture.

r and

m




Preferred Orientation (Texture)

 Preferred Orientations are determined by X-Ray Methods.

O Diffraction patterns from a single crystal is in the form of isolatpadts, while for a
randomly oriented polycrystalline material, the diffraction patterin the form of
concentric rings (Debye-Scherrer rings) corresponding to different planeshand
intensity of rings will be uniform for all angles.

 Textured polycrystalline materials are somewhat in-between. therdiffraction
pattern consists of Debye-Scherrer rings, but the intensity distribusonon-
uniform along the circumference of the rings.

Single Texture Random
Crystal Sample

Diffraction pattern from the crystals of materials
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Hot Working

a

a

Plastic deformation which is carried out under conditions of temperaturetend sate
such that recovery processes occur substantially so that large straie achieved
with essentially no strain hardening.

Normally performed at temperature >0,6% at high strain rates in the range of 0.5
500 st

Advantages of Hot Working

o0 OO0 O

Larger deformation can be accomplished and more rapidly by hot working $inec
metal is in plastic state.

Porosity of the meta is considerabl minimizec.

Concentrated impurities, if any in the metal are disintegrated amdbdised throughout
the metal.

Grain structure of the metal is refined and physical properties is improved.

No residual stresses in the material

Disadvantages of Hot Working

d

Q
Q

Poor surface finish and loss of metal due to rapid oxidation or scale formatidhe
metal surface

Close tolerances cannot be maintained.

It involves excessive expenditure on account of high cost of tooling. This, howev

Br. IS

compensated by the high production rate and better quality of products. -




Warm Working

O Warm working is the plastic deformation of a meta at temperature below
temperature range of recrystallization and above the room temperature
intermediate to hot and cold working.

Advantages compared to Cold Working

L Combines the advantages of both hot and cold working into one operation.
U Fewer number of annealing operation ( because of less strain hardening )
 Lesser loads on tooling and equipment

L Greater metal ductility

Advantages compared to Hot Working

Improved dimensional control,

Lower energy costs.

Better precision of components

Lesser scaling and decarburization on parts

Better surface finish

Lesser thermal shock on tooling

Lesser thermal fatigue to tooling, and so greater life of tooling.

o000 0p
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Cold Working

O Plastic deformation which is carried out in a temperature region and ovenea
interval such that the strain hardening is not relieved is called cold work.

d Normally performed at room temperature but in general < Q,3Where recovery is
limited and recrystallization does not occur.

Advantages of Cold Working

Due to work hardening Strength and hardness of the metal are increased.

It is an ideal method for increasing hardness of those metals which do not degpol
the heat treatment.

Better dimensional control is possible because the reduction in size is not much.
Provide fine grain size and good surface finish (No oxidation takes place).
Handling is easier because of low operating temperature.

Directional properties can be imparted.

—

coopo OO0

Disadvantages of Cold Working

Only ductile metals can be shaped through cold working.

Over-working of metal results in brittleness and it has to be annealeeniove the
same.

Subsequent heat treatment is mostly needed to remove the residual sted¢ssps |s
during cold working.
Higher forces and heavier and more powerful equipment are required for defermatjon.

U O D0OO0




Recovery, Recrystallization & Grain Grov
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Introduction

Plastic deformation in the temperature range {@03%) T, — COLD WORK

[ Point defects and dislocations have strain energy assodomth them

(1 -10) % of the energy expended in plastic deformation isestan the form of
strain energy (in these defects) The material becomes battery of energy..!

 The cold worked material is in a micro structurally metaktadbate.

L Depending on the severity of the cold work the dislocationsity can increase 4-6
orders of magnitude more. The material becomes strongeedsiductile.

L The cold workec materia is stronge (harder) but is brittle.

d Heating the material (typically below 0.5Jis and holding for sufficient time is a
heat treatment process called annealing.

L Depending on the temperature of annealing processes likevieey at lower
temperatures) or Recrystallization (at higher tempeeafumay take place. Durirg
these processes the material tends to go from a micro stallgtmetastable state
to a lower energy state (towards a stable state).

 Further ‘annealing’ of the recrystallized material cardi¢agrain growth.

Annealedmaterial Strongermaterial

I
IOdislocaticn - (106 _109) IOdisIocatim - (1012 _1014)



Introduction

7{ T point defect densit'yér
Material tends to lose
the stored strain energy

31 1 dislocation density

Increase in strength

_ Softening of the material
of the material

U During cold work the point defect density (vacancies, self interstitigl and dislocatior
density increase. Typical cold working techniques are rolling, forging, extruston e

U Cold working is typically done on ductile metals (e.g. Al, Cu, Ni)

Low temperature

Recovery

Cold workJfAnneal

y

: » Recrystallization
High temperature y 257
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Overview of processes taking place during annealing of cold worked
material and the driving force for these processes

Cold work Recovery Dnvmg force_ is free energy stored in point defects
and dislocations

\

Driving force is free energy stored in dislocation SRecrystaIIizatior

\

Driving force is free energy stored in grain boundariesGrain growth

T Strength | 1 Hardness$ | 1 Electrical resistance | | Dljctility

J

Changes occur to almost pliysicalandmechanicaproperties -



RECOVERY

] Recovery takes place at low temperatures of amgeali
 “Apparently no change in microstructure”

] Excess point defects created during Cold work bseded:
» at surface or grain boundaries
» by dislocation climb

J Random dislocations of opposite sign come togethdrannihilate each other

[ Dislocations of same sign arrange into low enemyfigurations:
» Edge— Tilt boundarie
» Screw— Twist boundaries
= POLYGONIZATION

 Overall reduction in dislocation density is small

1 At the early stage of annealing of cold formed metals, edetinermal energ)
permits the dislocations to move and form the boundaries qilggonized
subgrain structure while the dislocation density staysoatlhunchanged. Thi
process also removes the residual stresses formed dualtevadding significant.
The recovering of physical and mechanical properties samiéh the temperatur
and time.

S

e




POLYGONIZATION

+ Bent crystal

260



RECRYSTALLIZATION

4 TrecrystallizationD (0-3 o 0-5) ];1
O “Nucleation” and growth of new, strain free crystal

[ Nucleation of new grains in the usual sense mayadgtresent and grain boundary
migrates into a region of higher dislocation dgnsit

1 AG (recrystallization) = G (deformed material) — Ghdeformed material)

 TrecrystallizationS the temperature at whiéld %of the material recrystallizes In
hour

Region of lower

Region of higher {7 dislocation density

dislocation density

Direction of grain _{x~
boundary migration
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RECRYSTALLIZATION

1 Deformationt = recrystallization temperature (I ajizatiod |
 Initial grain size| = recrystallization temperatute
A High cold work + low initial grain size> finer recrystallized grains

1 cold work temperature> lower strain energy stored
= 1 recrystallization temperature

] Rate of recrystallization = exponential function@mnperature

d Trecrystalization = Strong function of the purity of the mate

Trecrystallization(yery pure materials) ~ O'?%nT
Trecrystallization(lmpure) - (0-5 - 0-6) r-rl-

> -I_recrystallization(gg-999cy0 _pure Al) ~
Trecrystallization(commerClaI purlty) ~ 21

O The impurity atoms segregate to the grain boundary anddrekerir motion—
Solute dragcan be used to retain strength of materials at high temrest

1 Second phase particles also pin down the graindsyrduring its migration
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Often the range is further subdivided into Hot, Cold and Warm working the ifigure

d Hot Work = Plastic deformation aboveyJ, ystaiiization

1 Cold Work=> Plastic deformation belowgLystajiization

0.9 Im O When a metal is hot worked. The conditions of deformation
-08 Ty, such that the sample is soft and ductile. The effects of rsi
-0.7T, hardening are negated by dynamic and static procesdaesh keep

the sampl¢ductile’
-0.6T,

Hot Wor&»

U The lower limit of temperature for hot working is taken as 0,6

= 0.4 T mep| RecCrystallization temperature (~ 0.4)T]

mechanisms involve mainly motion of point defects.
4 Upper limit»0.3 T,

(‘Zold Work

263
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GRAIN GROWTH

 Large grains have lower free energy than small grains. This is associatiedhe
reduction of the amount of grain boundary.

U Therefore, under ideal conditions, the lower energy state for a metal would b&ragey
crystal. This is driving force for grain growth.
L Opposing this force is the rigidity of the lattice. As the temperatureca®es, the rigidity
of the lattice decreases and the rate of grain growth is more rapid.
L At any given temperature there is a maximum grain size at which thesefteais are in
equilibrium

| Heating Time

| Degree of prior deformatioh

Grain growth | Time at temperatute

Grain size—

| Annealing temperatuie

Temperature—

| Insoluble impuritie$

Effect of temperature on recrystallized grain si



Summary

,_____________

—

i L= — _T' -
P : -
: . | Ductility
~f\\ 'I;'ensile strengtt
N |
N :

|
< Cold Work> Recovery

Recrystallization ﬁ
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Introduction

You have been introduced to the lattice structures and tygfebonding in
crystalline solids in earlier lectures.

You know that the behavior of electrons determine the wayatbens interact- th
type of bonding (metallic, ionic, covalent and vanderwpadlsat holds atoms in
solid together.
v' But is tinekkooudddgeofiomaliimngamdt rstalattucttine issatfficanto prestia!
tihemzet cEeuEMeprp perds ® hnatdeiadd $?
So far in our study of crystalline solids, we have assumed raespondenc

betweel the abstrac three-dimensione lattice anc the actua structure of solids.
This implies that crystals are perfect.

Perfect Crystal A crystal, in which all the atoms are at rest on their corratitde
position in the crystal.

Such perfect crystals could only exist at absolute zero taednal vibrations ca
be treated as a form of defect in crystal structures.

v" For T > OK, defects always exist in the structure.

REAL CRYSTALS ARE NEVER PERFECT, THERE ARE ALWAYSHB-ECTS

-

A

L

a

—

N
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Introduction

O For example :If a bulk metal (i.e., steel) were a single perfect crystalyould
have a strength far exceeding the strongest steel ever@ddiom metallurgica
research. May be this is one of the limitation, in the strengfta metal comes
from the number and type of defect, rather than from the eattithe ideal crysta
lattice.

 Many other important properties of materials are due to tmperfections caused
by crystal defectsifjay be...!)

O In this topic we will discuss different types of imperfectgor defects in the ideal
arrangemel of atom:in a crysta.

O For example When/If you buy a diamond ring, it is mostly the number angkty
of defects in the diamond crystal that define the amount ofiegoyou pay for a
given crystal size.

strength and elasticity of the tool. Note, that in the caserdlguired properties are
achieved without changes in composition of the materialjumt by manipulating
the crystal defects.

“Crystals are like people, it is the defects in them which tend to make them interesting”

_ 268
- Colin Humphreys

O Another example Forging a metal tool introduces defects ....! and increases



Thermodynamic cause of crystal imperfections

O Crystal defects are thermodynamically-controlled phesoan

v" To understand how defects come about, consider the effgmobfbility on

entropy in the following two examples.

O A typical single crystal of a large gemstone contains abauble of atoms. Now

compare the effect of adding a single additional defect to

Probability for defect location is 10
O Anideal crystal— | 1 defect u

There is large increase in the system'’s entrt

1 Alattice which | 10% + 1 defect

Probability for defect location is
already has 10% defect

There is only a small increase in total entrolp}

O This kind of entropy is called configurational entropy.digiven by the equation

S =K In(®) K =Boltzmann constant
o = Probability

O So far the effect of entropy; however, the creation of anydkiri defect cost:

energy, since the total lattice energy will be reduced. Tdrapeting effects of th
energy required to disturb the lattice and the initial laggén in entropy causes

minimum in the free energy.
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Thermodynamic cause of crystal imperfections

/ G (perfect crystal) T (°C) n/N
| AtagivenT 500 1 x 1010
1000 1x10°
1500 5x 10
200( 3x 13
AH; =1 eV/vacancy
= 0.16 x 108 J/vacancy

G (Gibbsfree energy) —»

n (number of vacancies)}—

[ Certain equilibrium number of vacancies are prefat T > OK
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CLASSIFICATION OF DEFECTS BASED ON DIMENSIONALITY

-

2D

(Surface / Interface)

3D

(Volume defects]

v

v

Surface‘

Interphase
boundary

oD 1D
(Point defects)| | (Line defects)
'
Vacancy Dislocation
Impurity Disclination
Frenkel Dispiration
defect
Schottky
defect

Grain
boundary|

Twin
boundary|

Stacking
faults

Twins

Precipitate

Faultec
region

\Voids /
Cracks

Thermal
vibration
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Point Defects

Vacancy
Non-ionic _ < Interstitial
Impurity

crystals Substitutiona

0D

(Point defects) : Frenkel defect
lonic
crystal <"_ ““““““““““““ » Other -
Y= Schottky defect

O Imperfect point-like regions in the crystal abdug size of 1-2 atomic
diameters
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Point Defects : Non-ionic crystals
Vacan cy\ Q00000

[ Missing atom from an atomic site
[ Atoms around the vacancy displaced Teg?»illz Sf)reS?

. . . ... 1elas -
[ Tensile stress field produced in the vicinit

A

O Substitutional Impurity

e » Foreign atom replacing the parent atom in the atyst
: Interstitial » E.g.Cu sitting in the lattice site of FCGH
Impurity

— U Interstitial Impurity
SUbStItUthnah « Foreign atom sitting in the void of a crystal
e E.g.C sitting in the octahedral void in HT FCi&e

| Relative size

Compressive Stress Field$ Tensile Stress Fields




Interstitial C sitting in the octahedral void in HT FCle:

D rOctahedral voic{ rFCC atom: 0.414

A reepce=1.29 A = loctahedral voie= 0-414 X 1.29 = 0.53 A
dr.=071A

J = Compressive strairaround the C atom

 Solubility limited to2 wt% (9.3 at%)

Interstitial C sitting in the octahedral void in LT BCEe

d rTetrahedral voic/ rBCC atom™— 0.29e IrC =0.71 A
Qreepec=1.258A = Metranedral voi= 0-29 X 1.258 = 0.364 A
» But C sits in smaller octahedral void- displacagdeatoms

L = Severecompressive strairaround the C atom
L Solubility limited to0.008wt% (0.037 at%)
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Point Defects : lonic crystals

O Overall electrical neutrality has to be maintained

Frenkel defect

= Cation (being smaller get displaced to interstit@ids
= E.g. Agl, Cak

Schottky defecy

= Pair of anion and cation vacanc
= E.g. Alkali halides

Other defects due to charge balance

4 FeO heated in oxygen atmospheseFe O (x <1)
[ Vacant cation sites are present

O Charge is compensated by conversion of ferrousrticfion: 9@0 o o

Feet - Fet+ e

FES-I-
O For every vacancy (of Fe cation) two ferrous iores@nverted to mo o ©
ferric ions— provides the 2 electrons required by excess oxyge¢ o o o &5 o




1D Defects : DISLOCATIONS

EDGE fo-----------1 MIXED - " SCREW

1

 Usually dislocation have a mixec characte anc Edge anc Screv
dislocations are the ideal extremes

DISLOCATIONS

» Geometrically necessary disj%:ations



Introduction

U

Dislocation is a boundary between the slipped and the unslipped parts of the
lying over a slip plane

The intersection of the extra half-plane of atoms with the slip p
defines the dislocation lingor an edge dislocation)

Direction and magnitude of slip is characterized by the Burgers v¢
of the dislocationA dislocation is born with a Burgers vector and expresses it eve
its death!)

The Burgers vector is determined by the Burgers Circuit

Right hanc screw (finish to start conventiol is usec for determining
the direction of the Burgers vector

crystal
ane

pctor
BN N

As the periodic force field of a crystal requires that atoms must nove

from one equilibrium position to another= b must connect on
lattice position to anothdfor a full dislocation)

Dislocations tend to have as small a Burgers vector as possible

The edge dislocation has compressive stress field above and tensile isicegsliow
the slip plane.

Dislocations anenareaquiiiibnum dicfiects amivewdd|deave thecorststalf given am)

opportunity
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Burgers Vector

© 0000 0 0 0

Perfect cryst:

RHFS:
Right Hand Finish to Start conventio

i — o ——

—— -t

Direction o vector

n

Direction o vector
disloc

_ ) Crystal with edge dislocation
Edge dislocation /

start

b

ion line vector
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A dislocation has associated with it two vectors:

t - A unit tang@t vectoralongthedislocation line

—

b — TheBurgersvector

. Compressive stress fiels

© 0 010 00 0 0 O
© 0 O

© 0 O

© 0 O

__o__c_, _________________

© O

© O

© O

Tensile stress field

Slipped Unslipped

part part
of the of the
crystal crystal

Dislocation is a boundary between the slipped and
the unslipped parts of the crystal lying over a slip
plane 279



+ve & -ve edge dislocations

Positive edge dislocation

Negative edge dislocation
J, Can come together and cancel
—_— : one another

ATTRACTION J

‘A REPULSION ‘
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Motion of dislocations

Conservative Motion of dislocations
(Glide) On the slip plane
Motion of Edge
dislocation
Non-conservative Motion of dislocation
(Climb) [1to the slip plan

[ For edge dislocation: @sl]t — they define a plane> theslip plane

J Climb involves addition or subtraction of a rowaibms below the
half plane

» +ve climb = climb up— removal of a plane of atoms
» —ve climb = climb down— addition of a plane of atoms
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© 0 00000 0O
© 0 000 OO0 060

Edge Dislocation Glide

©»®@ 0 0 O 0 0 0 ©
© 0 00 OO0 0 00O
© 0 0000 0 0 O

© 0 0000 0 0 O

O 0 00 0 0O
O 0 0 0 0 O
© 0 0 0 060 0 O
© 0 0 0 00 ©0 O
© 0 0 0 00 0 O

© 0 0 006 0 0 O

o
™ Shear stress

© 00 000 0 0O
© 00 000 0 0O
© 00 00 0 0 0O
© 00 000 0 00O

© 0 0000 O 00O
© 0 0000 000
© 0 0000 O 0 O

. Surface

" 000000O0O
© 0000000
©c 0000000
© 0000000

© 00 0 0 00O step
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O 0 0 0 0 0 0 O

Edge Climb

© 0 00 0 0 O
O 0 0 O 0 0 O

RS

O 0 00 O0 O
O 0 00 O0 O

O 0 06 0 6 0 0 O
© 0 0 0 0 © 0 O

Positive climb
Removal of a row of atoms

Negative climb
Addition of a row of atoms
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Screw dislocation

284
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Screw dislocation cross-slip

Slip plane 2
AN

\\ I 5/
/]
Slip plane .
The dislocation is shown crosipgipgifrg finametialpfElardddibeyoreampfadare

 The dislocation line ends on
v" The free surface of the crystal
v Internal surface or interface
v Closes on itself to form a loop
v Ends in a node
 Anode is the intersection point of more than two dislocation
d The vectoral sum of the Burgers vectors of dislocations mgeitt a node = 0.




Geometric properties of dislocations

Type of dislocation
Dislocation Property

Edge Screw
Relation between dislocation 5 I
line (t) andb
Slip direction || tdo || tob
Direction of dislocation line

. | []
movement relative tb
Process by which dislocation . .
. climb Cross-slip

may leave slip plane
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- - . - ® @ @& ® @ @

Mixed dislocations

- - - & ® & ® @ @
w @ ® @ @ ® @ @ @

(ot

We are looking at the plane of the cut (sort of
semicircle centered in the lower left corner). Bl
circles denote atoms just below, red circles atoms
above the cut. Up on the right the dislocation is a p
edge dislocation on the lower left it is pure screw.

a
ue
just
ure
In

between it is mixed. In the link this dislocation is shown

moving in an animated illustration. 287




Energy of dislocations

 Dislocations have distortion energy associated tigm

O E per unit length

[ Edge — Compressive and tensile stress fields

Screw— Shear strains

Elastic

Energy of dislocation <

Non-elastic(Core, ~E/10

1

Energy of a dislocation / unit length—— E DEGb2 G — (p) shear modulus

b — |b|

Dislocations will have as smdllas possible

Full
Dislocations
(in terms of lattice translation)

Partial

b — Full lattice translation

b — Fraction of lattice translation
288




Dissociation of dislocations : FCC

(111

(E[Ilo]j N (E[Izi]j + (1[5110
2 6 (111)

Shockley Partials
b,? > (b,* + by?)

Yo >4

11111




Dissociation of dislocations : FCC

Dislocation line vector

Extra half pla

Pure edge dislocatio‘n

Slip plan

Burger’'s vector

/_
N | =

=
|—A
(@)

])

(111)

The extra- “half plane” consists of two ‘planes’ of atoms
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Dissociation of dislocations : BCC

islocation line vector

tor

Pure edge dislocatioln
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Dislocations in lonic crystals

 In ionic crystals if there is an extra half-plarfeatoms contained only
atoms of one type then the charge neutrality candiwvould
be violated= unstable condition

 Burgers vector has to be a full lattice translation
CsCl— b =<100> Cannot be ¥2<111>
NaCl— b =2 <110> Cannot be %2<100>

 This makes Burgers vector large in ionic crystals
Cu — |p|]= 255%
NaCl — |p|=3.95A

e
L

b =[100] s




Role of Dislocations

Deformats IS
Diffusion
Fatigue (Pipe)

Fracture

Slip

\ 4

Incoherent Twin

Grain boundar
(low angle)

\ 4

\ 4

Semicoherent Interface

=4

Disc of vacancies
~ edge dislocation

\ 4

Formation of dislocations(in the bulk of the crystal

—

S

1 Due to accidents in crystal growth from the melt
 Mechanical deformation of the crystal
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2D Defects : Surface defects

d 2D in a mathematical sense
 The region of distortion is ~ few atomic diameterghickness

Low
angle
External
/ Grain boundar High
angle
2D DEFECTS

(Surface / Interface

\ Homophas Twin Boundary
Internal

Stacking Fault:is\

Heteropase

\
4

Anti-phase Boundan

I

Coherent Incoherent Semi-coherent
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Grain Boundary

J The grain boundary region may be distorted with atoms betmntp
neither crystal

 The thickness may be of the order of few atomic diameters
 The crystal orientation changes abruptly at the grain bagnd
 In an low angle boundary the orientation difference is < 10°

 In the low angle boundary the distortion is not so drastic las] t
high-angle boundar — car be describe as ar array of
dislocations

 Grain boundary energy is responsible for grain growth ontihga
~ (>0.5T)

] Large grains grow at the expense of smaller ones

 The average no. of nearest neighbours for an atom in the grain
boundary of a close packed crystal is 11
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Twin Boundary

L The atomic arrangement on one side of the twin boundary asaeltol
the other side by a symmetry operation (usually a mirror)

O Twin boundaries usually occur in pairs such that the ortema
difference introduced by one is restored by the other

. The region between the regions is called the twinned region

Annealing twingformed during recrystallization)

Twin

Deformation twingformed during plastic deformation)
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Stacking Fault

 Error in the sequence of stacking atomic plareStacking fault
 Defined by a shift vector

FCC stacking—1 ...ABC ABC ABC ABC...

.

P ——

...ABC AB ABABC...

\/

\

Thin region of HCP type of stacking

FCC stacking
with a stacking fault

 In above the number of nearest neighbours remaesame
but next-nearest neighbours are different thanitheCC

[ Stacking fault energy ~ 0.01 — 0.05 3/m
1 Stacking fault in HCP can lead to thin region ofG-Kind of stacking




3D Defects : volume defects

Volume defects in crystals are three dimensioggt@gates of atoms or vacancigs

Volume defects

Precipitates Dispersants Inclusions Voids (or pores)

PRECIPITATES

Precipitates are small particles that are introduced iht matrix by solid state
reactions. While precipitates are used for several pugoseeir most common
purpose is to increase the strength of structural alloysdiym@ as obstacles to the
motion of dislocations. Their efficiency in doing this depks on their size, thejr
internal properties, and their distribution through thitida. However, their role in the
microstructure is to modify the behavior of the matrix ratkigan to act as separate
phases in their own right.
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3D Defects : volume defects

DISPERSANTS

Dispersants are larger particles that behave as a second phase as wdlleaxing the
behavior of the primary phase. They may be large precipitates, grains, or paljaraarticles
distributed through the microstructure. When a microstructure contaspeiants suc
properties as mechanical strength and electrical conductivity are sonragavef the

h

properties of the dispersant phase and the parent.

INCLUSIONS

Inclusion: are foreigr particles or large precipitate particle. They are usually undesirabl

constituents in the microstructure. For example, inclusions have a delstezffect on the

useful strength of structural alloys since they are preferential ftefailure. They are alst
often harmful in microelectronic devices since they disturb the geometryeofiélvice by,
interfering in manufacturing, or alter its electrical properties byodticing undesirabl

L4

a)

-

properties of their own.

VOIDS (OR PORES)

Voids (or pores) are caused by gases that are trapped during solidification wachycy,
condensation in the solid state. They are almost always undesirable ddfeets principal

effect is to decrease mechanical strength and promote fracture atlcaussl

200
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Introduction

An alloy is a substance that has metallic properties and is compdseebaor
more chemical elements, of which at least one is a metal.

An alloy system contains all the alloys that can be formed éyerl element
combined in all possible proportions. If the system is mapl®futwo elements, |
Is called abinary alloy systenthree elements, ®rnary alloy systenretc.

Taking only 45 of the most common metals, any combinationnaf gives 990
binary systems. Combinations of three give over 14,00@tgraystems.

However, in each system, a large number of different allogspmssible. If the

compositiol is variec by 1 perceni eacl binary systen will yield 10C different
alloys.

Since commercial alloys often contain many elements, itpjgagent that the

number of possible alloys is almost infinite.

Alloys may be homogeneous (uniform) or mixtures. If the alloy is bganeous i
will consist of a single phase, and if it is a mixture it will lmrecombination of
several phases.

The uniformity of an alloy phase is not determined on an atauale, such as t

S

[ g o

|=4

-4

LI g of

|E

composition of each unit lattice cell, but rather on a muebdascale.




Phase

O Aphase is anything which is homogeneous and physicallyndist

O Any structure which is visible as physically distinct misoopically may be
considered as a phase

O For most pure elements the temhaseis synonymous with state. There |s,
therefore, for pure elements, a gaseous, liquid, and sbhg

 Some metals are allotropic in the solid state and will havéerint solid
phases. When the metal undergoes a change in crystal s&@uittundergoes g
phase change since each type of crystal structure is pliysilestinct.

O In a pure material when other elements are added intenlyoinaly are called
alloying elements*

 Alloying elements are added to improve certain propertide@®pure element

O The alloying element can be accommodated in one of the tloeslplities as
shown in the figure below

|~4

g

*When added small quantity it is often called doping
‘In Principle’ there is no difference between‘ampurity’ and‘alloying’
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Classification of alloys

.1Segregation / phase separation

1] .
Interstitial

: ] -\Disordere
Element Adde(ﬁ’;-- ----- 1Solid solution: - m— ‘h
Ordered

Substitutiona

Compound /Intermediate structuire
(new crystal structure)

on

Segregation / phase separat

 The added element does not dissolve* in the panaititix phase—
» In may form a separate phase**
» In apolycrystalit may go to the grain boundary
» In may segregate to other defects ltk&location corestc.

 The solubility in the case of a substitutional daolution is given by
Hume-Rothery rulegconsidered soon)
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Solid Solutions

Any solution is composed of two parts: a solute and a solvEm. solute is the
minor part of the solution or the material which is dissolvedhile the solven
constituents the major portion of the solution.

The most common solutions involve water as the solvent, asidugar or sal
dissolved in water.

There are three possible conditions for a solutionsaturatedsaturateg and
supersaturated

If the solvent is dissolving less of the solute than it couldsdlve at a giver
temperatur anc pressureit is saic to be unsaturate.

If it is dissolving the limiting amount of solute, it isaturated.

If it is dissolving more of the solute than it should, undeuiéigrium conditions,
the solution issupersaturated.

The supersaturated condition is an unstable one, and gnaugl time or a little
energy, the solution tends to become stable or saturatedef®cting or
precipitating the excess solute.

A solid solution is simply a solution in the solid state and mgists of two kinds

of atoms combined in one type of space lattice.

U

—

)
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Mechanical Equilibrium of a Rectangular Block

Potential Energy = f(height of Ct

A Ball on a plane
Neutral Equilibrium
Centre B
Of ---1---»0
Gravity

Unstable

\\A / Stable

Lowest CG of all possible
states

Metastable state C

v

Configuration -



Substitutional Solid Solutions
Solid solutior)

Substitutionall Interstitial

O In this type of solution, the atoms of the solutbstitute for atoms of the solven
in the lattice structure of the solvent.

O Several factors are now known, largely throughvwibek of Hume-Rotherythat
control the range of solubility in alloy syster

Empirical rules for the formation of substitutiorsdlid solution

O The solute and solvent atoms do not differ by ntba® 15% in diameter
 The electro-negativity difference between the elaimies small

[ The valency and crystal structure of the elemergaise

Additional rule

O Element with higher valency is dissolved more irelement of lower valency
rather than vice-versa

t
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HUME ROTHERY RULES

Examples of pairs of elements satisfying Hume Rothery rules and forming cersplet
solution in all proportions

Crystal | Radius of .

System structure | atoms (A) Valency | Electronegativity

Ag FCC 1.44 1 1.9
Ag-Au

Au FCC 1.44 1 2.4

Cu FCC 1.28 1 1.9
Cu-Ni

Ni FCC 1.25 2 1.8

Ge DC 1.22 4 1.8
Ge-Si

Si DC 1.18 4 1.8

A continuous series of solid solutions may not form even if the above ioosdire satisfied
e.g.Cu-yFe




Interstitial Solid Solution‘s

 The second species added goes into the voids phitest lattice

 E.g. Octahedral and tetrahedral voids in CCP, HEBCC) crystals
(E.g. of solvents: Fe, Mo, Cr etc.)

d E.g.C(r=0.77A), N (r =0.71A), O (r =0.66A), H (r =0.46A)

4 If the solute atom has a diameted §9r, . then extensive solubility is
expectedmay or may not happen!)

d Solubility for interstitial atoms is more Iin tratien elements (Fe, Ti,
Zr, Ni, W, U, Mn, Cr)— due to electronic structufacomplete inner
shell)

 C is especially insoluble in most non-transitioaneénts

FCCOV FCCTV

BCCTV BCCOV
®
r =0.81 A @ ® @
Q- @ °



Order-Disorder Transformations

On interesting class of alloys are those which sboder-disorder
transformations

Typically the high temperature phase is dis-ordered wiike low temperatur
phase is ordered (e.g. CuZn systemext slide)

The order can bpositionalor orientational

In case of positionally ordered structures:
* The ordered structure can be consideredsagarlattice
* The ‘superlattice’ consists of two or more intergiating ‘sub-lattices’

— with eachsublattict being occupied by a specific eleme

(further complications include: SL-1 being occupigdA-atoms and SL-2
being occupied by B & C atoms- with probabilisticopation of B & C atoms ir
SL-2, which is disordered)

Order and disorder can be with respect to a physical profigetymagnetization|

E.g. in theFerromagnetic phasef Fe the magnetic moments (spins) are alig!

within a domain. On heating Fe above tliairie temperaturdhe magnetic

D

-

ed

—

moments become randomly oriented, giving rise togammagnetic phase
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Positional Order Ina strict sense this is not a crystal Il (i.e. it is amorphous) ]

50% Cu
- Probat.'uparfon
. Probabilistic occupation of each BCC lattice site:

50% Zn
50% by Cu, 50% by Zn

|

High T disordered

470°C

being a second order transition this temperature is not ‘sharp’
(/‘_‘\

T
P
Low T ordered o O/o - @ @

SL-1 occupied by Cu and SL-2 occupied by Zn. Origin of SI(!2,dt, ¥2)

G=H-TS

o
o
ad

i




ORDERING

C O 0O O

C O 0O O

A-B bonds are preferred to AA or BB bonds
e.g. Cu-Zn bonds are preferred compared to Cu-C4reZn bonds
The ordered alloy in the Cu-Zn alloys is an exangblanINTERMEDIATE
STRUCTUREthat forms in the system with limited solid solutiyil
The structure of the ordered alloy is different from that otlbthe componer
elements (Cu-FCC, Zn-HCP)
The formation of the ordered structure is accomguhbly change in properties
E.g. in Permalloy ordering leads te reduction in magnetic permealbility,
increase in hardness efe:Compound]
Complet¢ solid solutions are formec wher the ratios of the component of the
alloy (atomic) are whole no-s> 1:1, 1:2, 1:3 etc. [CuAu, C/Au..]
Ordered solid solutions ar@n some sensein-between solid solutions ar
chemical compounds
Degree of order decreases on heating and vanishesohing disordering
temperatured compound]
Off stoichiometry in the ordered structure is accardated by:
o Vacancies in one of the sublattidgsgructural vacancies)
NiAl with B2 structure Al rich compositions resutirh vacant Ni sites
o Replacement of atom in one sublattice with atomshfother sublattice
NiAl with B2 structure Ni rich compositions resutirh antisite defects

t
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ORDERING

T T = Disordered

AG=AH-TAS

| T= Ordered

Long Range Order (LRO) parameter (L)

= r, — probability that A sublattice is occupied with thght atom
= X, — mole fraction of Ain the allc
= L — Long Range Order

rA_XA
1—)(A

| =

= E.g.: In a A Bsgalloy say 90% of the A atoms are sitting on A sublattice (rightipag, then:

\U

_09-05_04 4  Solid solutions which have a negative

1-0.5 05 enthalpy of mixing AH,., < 0) prefer
unlike nearest neighbours show
tendency for ordering

1-05 0.5 For complete disorder L =0



Long Range Order (LRO) versus Short Range Order (SR 0O)

U O 000

Similar to long range order (LRO) we can define SRange Order (SRO)
Even after long range order has been destroyed isiraye order can persist

In the example below the LRO parameter and the B&@meter have been
plotted for two alloy$Cu,Au (structure considered next) &uZn|

Above T. (the disordering temperaturd)RO has been destroyéarder

parameter goes to zerbut SRO persists
Note that the disordering takes place over a rah¢emperaturef.e. is not

abrupt)

Order Parameter

~ First Order

Cu,Au Tyvpe

— ———_ Long Range
S Order

Short Rangc

_-Order

CuZn Type

Second Order

Long Range
_Order

Short Range

T —»

Persistence of SRO after LRO has been destroyed
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Compound /Intermediate structure

 Intermetallic compounds can be very different fribrd normal chemica
compounds (e.g. JD)

Valency compound@isual)
_1 Electrochemical compound&intl

Mg,Sn, MgPb, MgS etc.

- Interstitial Phases: Hagg
E Determined by , / Ry, ratio
W,C, VC, FgN etc.

Chemical | .~
compounds’;i{;'\j; ................ Electron compounds
B specifice/a ratio [21/14, 21/13, 21/12]

CuZn, FeZn,;, ALSn

g Size Factor compounds
Laves phases, Frank-Kasper Phases

Y Ete.
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Valency compounds ( zintl Phases, Electrochemical compounds)

The following includes features distinguishing them from solid solutions

Q

U OO

COO0O0OD0 DO

Different crystal latticeas compared to the components
Most chemical compounds have complex crystal structures
Each component has a specific location in the lattice

Composition can be specified by a simple formwa# B (Mg,Sn, MgPb, MgS)
(m,n are small whole numbers)

Different properties than the components

Constant melting point and dissociation temperature

Accompanied by substantial thermal effect

Typically formed by elements with very different electronic angtal structures
The bonding in intermetallic compounds is usually metallic

The bonding between a metal and a non-metal could also be metallic

A large number of intermetallic compounds do not obey valency rules oahave
constant compositiofthus distinguishing them from usual chemical compounds

In some sense the tendency to form compounds is opposite of that to form solid soluticns!




E Interstitial Phases: Hagg Phases

 Transition metals form compounds with elements with small ateimecH, C, N, B

O Formulae:
M, X — FgN, Mn,N
M,X — W.,C, Mo,C, FgN
MX — WC, VC, TiC, NbC, TiN
d The crystal structure depends of/R,, ratio
If » R, /R, < 0.59— Simple crystal lattice@Cubic, Hexagonal)
Non-metal occupies specific interstitial sites in the cubitexagonal crystal
If » R, /R,,> 0.59— Complex crystal structurge.g. FgC)

O Apart from size factovalencyof the interstitial atom also seems to play some

O Typically interstitial phases havevariable compositiothe chemical formula indicates
the maximum amount of non-metal in the structure)

O Properties include:
» High electrical conductivitywith decreasing conductivity with increasing temsgere as for a metal)
» Metallic lustre
» Many of the interstitial phases are hard (e.g. WC, VC)
» The carbides have high melting point
» Some covalent character to the bonding in some of these phases

Interstitial solid solutions on the other hand haaach lower content of the interstitial atoms ahne t
crystal structure of the parent is retained 316



Electron Compounds

These compounds are formed usually in:

» Monovalent metal¢Cu, Ag, Au, Li, Na)

» Transition metalg¢Fe, Co, Mn)

» Other metals with a valency values between 2-5

Alloys of Cu, Ag, Au frequently form electron compounds

These compounds have specific ratios amber of valence electrons/atoms
» 21/14— (=3/2=1.5 — BCC, Complex cubic, Hexagonal
Called3 compoundgE.g. CuBe, CuZn, GAl, NiAl)
» 21/13— (=1.62 — Complex crystals
Calledy compound«E.g. CisZng, CL:Cd,, FeZn,,, CcZn,,)
> 21/12— (=7/4=1.79 — Hexagonal crystals
Callede phasgCuZn, CuCd, Cu;Si, AySn)

These compounds can form over a wide range of compositions
Many of these ordered compounds get disordered on heating
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Size Factor compounds: (i) Laves phase$i) Frank-Kasper Phasgs

D(i) Laves Phase

»

S

a

a
a
a

Do

T T

These phases have a formi&,

Laves phases can be regarded as tetrahedrally close packed&{TICiayes with an
ideal ratio of the radiir,/rg) = (3/2)V2~1.225[or usuallyr/r; /7(1.1, 1.6)

If r,/rg = 1.225then a high packing density is achieved with the chemical formuja Al
with a average coordination numberldaf.3

Crystal structures:

» Hexagonal— MgZn, (C15), MgNi, (C36)

» FCC — MgCu, (C14)

There are more thaiOOmembers belonging to the ‘Laves family’

Many ternary and multinary representatives of the Laves phasebd&aveeported with
excess of A or B elements. Some ternary Laves phases are kmeystams with no
corresponding binary Laves phases.

The range of existence of the three phases (C15, C36, C14) in teavas/phases is

3

influenced by the/aratio (partial Hume-Rothery character).

D(ii) Frank-Kasper

a

Have coordination numbers (CN): CNZ CN =14, CN =15, CN =16
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Summary

Alloy Structure

/\

Homogeneous

/\

Solid solution

Intermediate
alloy phase

Mixture

L

Any combination of solid phase

S

Substitutional

Interstitial

—

Pure mete

B Solid solution

Intermediate alloy

Intermetalic

Interstitial

Electron

[—
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Introduction

 Diffusion is defined as, random movement of atoms/ moleciresolid, liquid
and gas. For example dissolution of ink in water and smok& in a

O It can also defined as, Diffusion is a process of mass trahdpp atomic
movement under the influence of thermal energy and a coratent gradient.

 To comprehend many materials related phenomenon one mudtratanc

diffusion.

Role of Diffusi

on

Oxidation

Sintering

Creep

Doping

Carburizing

Materials Joining : Diffusion Bonding

Many More...!
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Diffusion Phenomena

J Mass flow process by which species change their positioativel to their
neighbors.

Driven bythermal energyand agradient
Thermal energy— thermal vibrations— Atomic jumps

Atoms move from higher to lower concentration region. Istmovement is from
one element to another e.g. Cu to Ni, then it is termedhé&s-diffusion.If the
movement is within similar atoms as in pure metals, it is tatself-diffusion.

DO 0O

5338

Electric

Gradien

Magnetic

Stress

Chemical potentia




Diffusion Mechanism

O Diffusion of atoms involves movement in steps from onedatsite to the another.
An empty adjacent site and breaking of bonds with the neightmms are the twp
necessary conditions for this.

Vacancy Mechanism

O This mechanism involves movement of atoms (we are inted@steubstitutiona
atoms) from a regular lattice site to an adjacent vacanogeSracancy and atoms
exchange position, the vacancy flux is in the opposite timac
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Diffusion Mechanism

Interstitial Mechanism

O This mechanism Involves migration of atoms from one inigaétsite to a
neighboring empty interstitial site.

O Usually the solubility of interstitial atoms (e.g. carbam steel) is small. This
implies that most of the interstitial sites are vacant. Hgiifcan interstitial specie

wants to jump, ‘most likely’ the neighboring site will be \aaat and jump of the
atomic species can take place.

O This mechanisr is more prevalen for impurity suct a hydrogen carbon nitrogen
oxygen which are small enough to fit into an interstitial ios.

Interstitial

c ..&:/’/

Interstitial

\'\:: ©o
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Diffusion Mechanism

Atom Interchange Mechanism

O It is possible for movement to take place by a direct intengjeabetween two
adjacent atoms or by a four —atom ring interchange.

 However, these would probably occur only under special tiomd, since the
physical problem of squeezing between closely packed beryig atoms wouldl
increase the barrier for diffusion.

 Note: The rate of diffusion is much greater in a rapidly cdo#éloy than in the
sam« alloy slow coolec. The difference is due to the largel numbe of vacancie
retained in the alloy by fast cooling.

000 0000 0000
OC 00 O0@O OO O
Q000 0000 0000
OCO000 0000 0O0O0O0

direct exchange ring vacancy 305




Kirkendall effect

O If the diffusion rates of two metals A and B into each other different, the
boundary between them shifts and moves towards the fa$fiesidg metal.

Arich & B-rich . Diffusion rate
‘JB : E Jﬁl'«} JB
g T P oy | tome

. This is known as kirkendall effect. Named after the inverffonest Kirkendal
(1914-200%). It car be demonstrate experimentall by placin¢ ar inert marke al
the interface

B
_
v Materials A and B welded together with inerp I . |
marker and given a diffusion anneal
v Usually the lower melting component diffusg$
faster (say B) <

Inert Marker — thin rod of a high melting material which i

JJ

basically insoluble in A & B




Kirkendall effect

O Zn diffuses faster into Cu than Cu in Zn. A diffusion couple@ifi and Zn will
lead to formation of a growing layer of Cu-Zn allogi1as9.

time, t=0 t=t t=t2 >ty
Zn N Zn Cu
Brass

 Same will happen in a Cu-Ni couple as copper diffuses fastardkel than nicke
in copper.

 Since this take: place by vacanc' mechanisn poreswill form in cu (of the Cu-Ni

couple as the vacancy flux in the opposite direction (towa&d) will condense t¢
form pores.

- 100 - .
= Cu Mi
=

IIIIIIIIIIII =
T EEEEEREEEREERER =
Cu Ni |  |e® e eeeses8e ="
------------ =
llllllllllll =1

= 0

Position

E—— -
Diffusion of Cu atoms PETRD DR RN o
' N N NN N NN N =
Cu Cu-Ni alloy N XX EEXEXEX s
Diffusion of Fi atorms FE N E N RN EEEN E
R e sos R OO REBRERS =
=
[

Position 327




steady and non-steady state diffusion

 Diffusional processes can be either steady-state or remugistate. These two
types of diffusion processes are distinguished by use ofanpeter called flux.

O It is defined as net number of atoms crossing a unit area pdipdar to a given
direction per unit time. For steady-state diffusion, flux aonstant with time,

whereas for non-steady-state diffusion, flux varies witinet

A schematic view of concentration gradient with distanaebmth steady-state and
non-steady-state diffusion processes are shown below.

A Flux (J) (restricted definition)— Flow / area / time  [Atoms /?/ S]

C, C
i i
2 ke
© Steady state ©
= J Zf(x,t) | €
) )
S S
S S
O O

C,

D

Non-steady stat

J=f X,1 ) 328
x9 Distance, Xx—

Distance, Xx—




steady and non-steady state diffusion

Steady State : Concentration profile not changirg time.

J (left)

—

Concentration ‘C’ in the box
doesn’t change with time

Steady State
J(x) Left = J(x) Right

J (left)

—

Concentration accumulating

in the box

J(x) Left #J(x) Right

]

D Non-Steady State
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Fick’s | law

 Steady-state diffusion is described by Fick’s first law @¥hstates that flux, J, iIs
proportional to the concentration gradient.

 The constant of proportionality is called diffusion coeiint (diffusivity), D

(cm¥/sec). diffusivity is characteristic of the system and deseon the nature ¢
the diffusing species, the matrix in which it is diffusingycathe temperature at

which diffusion occurs.

O Thus under steady-state flow, the flux is independent ottemd remains the
same at any cross-sectional plane along the diffusion tthrecfor the one-
dimensione case Fick’s first law is giver by

f

N —4

J = atomgd area/time[l] concentraibn gradient

dc

Jyl——J=-D——— > J=——=-D—

dx

No. of atoms crossing

area A per unit time \

Diffusion coefficientfF— |
diffusivity

dc 1 dn dc

dx A dt dx

n jdé Concentration gradient
— DA\ /

, —> Cross-sectional area

]
7/ /‘ d
dt 1 “ \\ )/< The minus sign in the equation m&ans that

diffusion occurs down the concentration gradient

J Zf(x,1)

Steady state




The steady-state diffusion is found in the purification of hydrogen
Solved Compute the number of kilograms of hydrogen that pass per hour thro
=SEICRNEY | 6-mm-thick sheet of palladium having an area of 0.25t600°C. Assume

meter of palladium, and that steady-state conditions have been attained

gas.
Ligh a
A

diffusion coefficient of 1.7x 108m? / s, that the concentrations at the high-
and low-pressure sides of the plate are 2.0 and 0.4 kg of hydrogen per| cubic

This Problem calls for the mass of hydrogen, per hour, that diffosmsgh a pd sheet.

From the Fick’s | law:

M =JAt= —DAtE
AX

_ 3
= _(L7x10°m? / $)( 025m2)(3600s/ h){ 04-20kg/m }

6x10°s

= 41x10°kg/ h
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A sheet of BCC iron 2 mm thick was exposed to a carburizing ga®sphere on one
side and a decarburizing atmosphere on the other si@@=C After having reached
steady state, the iron was quickly cooled to room tempegatirhe carbon
concentrations at the two surfaces of the sheet were detedo be 0.015 and 0.0068
wt%. Compute the diffusion coefficient if the diffusion Rus 7.36 x 10° kg/m?-s
(Hint : convert the concentrations from weight percent tlodiiams of carbon per
cubic meter of iron.

Solved
Example -2

This problem calls for computation of the diffusion coefficient for a stestdye diffusion
situation. Let us first convert the carbon concentrations from weight peroekilagrams
carbon per meter cubed using below equation.

For 0.015 wt% C
Vo Cec 3 C' .= 0.015 x103 _ 3
~C 4 ~C +
O Pre | | 225 187 ]
Similarly, for 0.0068 wt% C I ]
; 0.0068 _ 3
Co 0.0068 969935~ 10
| 225 187 i
X,—X _ -3
D=-J—- 2| = (736x10°Kg/m* —s) 2:10 il -
A~ Cp 118Kg/m*—-0.535Kg/m

=23x10"'m’ /s e




Fick’s Il law

 Most interesting cases of diffusion are non-steady-stategsses since the
concentration at a given position changes with time, ang the flux changes
with time.

 This is the case when the diffusion flux depends on time, wmeans that a type
of atoms accumulates in a region or depleted from a regioncfwimay caust
them to accumulate in another regiomick’s second law characterizes thegse

rocesses, which is expressed as:
P P Atoms _ | Atoms| _
: s [M= 2 =[‘]]
Accumulaton=J, - J, ., m’ s m's

Jan Accumulan=J, —{JX +6—JAX}%{(@jA>§.: J, —{JX +6—JAX}

16)4
(acj: a (Dacj <« @ :—i —D@ <« @ sz—a_JAX
ot ) ox\ ox ot 0X 0X ot 0X

\ :
(%j = DE Fick's Il law

\V

>
<

(%)

J

Non-steady state [+ * 7
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Solutions to Fick’s Il law

2
ot 0X

O Solution to the above expression is possible when meanibgfundary conditions
are specified. One common set of boundary conditions carritkemas:

Fort=0, C=Gat0<x<w c
Fort> 0, C=Catx=0 )
C=C atx=w =
[

-|—-CX
C(x,t)-C, X 3
=1-erf =

C.-C, 2./ Dt 3C

Distance, Xx—

Where G represents the concentration at depth x after time t. The term edssfar Gaussian
error function. Corresponding error function values for a variable are usually fouomadl | f
standard mathematical tables. The above equation demonstrates the skiptibatween
concentration, position, and time. Thus the equation can be used to ex@aw pnactical
industrial problems like corrosion resistance of duralumin, carburizahdrdacarburization of

steel, doping of semi conductors etc. 334



An FCC iron—carbon alloy initially containing 0.55 wt% C is exposed tg an
oxygen-rich and virtually carbon-free atmosphere at 1325 K (%0pb
SEINCERY | Under these circumstances the carbon diffuses from the alloy and reacts at
the surface with the oxygen in the atmosphere; that is, the carbon
concentration at the surface position is maintained essentially a#@Qv
(This process of carbon depletion is termddcarburization.) At wh

position will thecarbon concentration be 0.25 wt% after a 10-h treatment?
The value oD at 1325 K is4.3 x 101 m?/s.

This problem asks that we determine the position at which the carbon conmanisad.25 wt%
after a 10-h heat treatment at 1325 K whej=®.55 wt% C.

€ =G, (0257055 O.545£zl—erf( j
C.-C, 0-055 2/ Dt z Erf (2)
f[ X j 0.4545 0.40 0.4284
er = U o)
2V Dt Z 0.4545
Using tabulation of error function values and linear interpretatiop
Z-040 _ 04545-04284 045 04755

Z=0427171

0.45-0.40 0.475E-0.428¢

X - ‘ = = X X 11?2
[2 ﬁj_mz?? x = 2(0.4277)/Dt = (0.8554,/ (36x10"s)(43x107' ¢ / )

=106x10°m= 1.06mm




Solved Nitrogen from a gaseous phase is to be diffused into pure iron &C6TH
Example - 4 the surface concentration is maintained at 0.2 wt% N, what will be the
concentration 2 mm from the surface after 25 h? The diffusion coefficient
for nitrogen in iron at 67%C is 1.9x 1011 m?/s .

This problem asks us to compute the nitrogen concentrajiante 2 mm position after a 25
h diffusion time, when diffusion is non steady-state.

CX—CO_CX—O_l_erf( X J

C.-C, 02-0 2\/Dt
_ 2x10°m
=1-erf — =1-erf (0.769
2,/(1.9x107™*'m? / 5)(25h)(360(s/ h)
Using tabulation of error function values and linear interpretation - Erf (2)
0.750 0.7112
0.765-0.750 _  y-0.7112 y =erf (0.765 = 0.7205
0.80C-0.75C 0.7421-0.711z 0.765 y
C, -0 _ 10— 0.7205 0.800 0.7421

0.2-0

C, = 0.056Wt%N
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Factors affecting Diffusion

Ease of a diffusion process is characterized by the pararDetgiffusivity. The value
of diffusivity for a particular system depends on many fagtas many mechanisms

could be operative.

Diffusing species

If the diffusing species is able to occupy interstitial sjtéhen it can easily diffuse
through the parent matrix. On the other hand if the size obswitional species i
almost equal to that of parent atomic size, substitutiom@ision would be easier.
Thus size of diffusing specie will have grea influence on diffusivity of the systen.

Lattice structure

Diffusion is faster in open lattices or in openedtions than in closed directions.

Presence of defec

As mentioned in earlier section, defects like dislocatjomi®in boundaries act as
short-circuit paths for diffusing species, where the atton energy is diffusion is

less. Thus the presence of defects enhances the diffusivitijffusing species.
337




Factors affecting Diffusion

 Temperature has a most profound influence on the diffysauitd diffusion rates.
It is known that there is a barrier to diffusion created byghéioring atoms those

need to move to let the diffusing atom pass. Thus, atomicatitons created by
temperature assist diffusion.

 Empirical analysis of the system resulted in an Arrheniysetpf relationshif
between diffusivity and temperature.

-

D = D, 47

d Where Qjis a pre-exponential constant, Q is the activation energdiftusion, R
IS gas constant (Boltzmann’s constant) and T is absolutpaesture.

 From the above equation it can be inferred that large aativagnergy means
relatively small diffusion coefficient. It can also be obssd that there exists |a
linear proportional relation between (InD) and (1/T). Thhg plotting and

considering the intercepts, values of Q angcBn be found experimentallgge in
next slide for clear understandihg
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Diffusion paths with lesser resistance

Experimentally determined activation energiesdiffudion...!

qurface< Qgrain boundary< Qpipe< Qlattice

Lower activation energy automatically implies higdédfusivity

Core of dislocation lines offer paths of lower stancePIPE DIFFUSION

Diffusivity for a given path along with the availalcross-section for the path will
determine the diffusion rate for that

Comparison of Diffusivity for

self-diffusion of Ag— Single I Polycrystal
crystal vs. polycrystal =) 7
S ~
_I .
Single
- Qgrain boundary  — 110 kJ /mole " crystal

" Q| attice =192 kJ /mole UT —
< Increasing Tempé&rature




Solved
Example - 5

This problem asks us to compute the magnitude of D for theisldh of Mg in Al at

400°C (673K).

Using the following diffusion data, compute the value of D fbe
diffusion of magnesium in aluminum at 40

Doqmginay =1.2 X104 m?/s Q=131 KJ/mol

D= (L2x10*m’/s)exp -

131,000J / mol
(831] / mol-k)(67X)

=81x10"m?/s
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Solved At what temperature will the difusion coefficient for thefdsion of
=SeJCERW | zinc in copper have a value of 2:6101° m?/s

D, =2.4 x10° n¥/s Q=189 KJ/mol

We are asked to calculate the temperature at which the wiffuefficient for the

diffusion of Zn in Cu has a value of 2.6 101 m?/s. Solving for T from below
equation

T=- &
R(InD, —In D)

By using the given data we can get

_|_ 189,000 / mol
(8313 /mol-=K)[In(26x10°m*/s) -In(24x10°m*/ s)

=901K =628C
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Solved The diffusion coefficients for nickel in iron are given at aw
SenJCEway | temperatures:

At 1473K 2.2x1015m?/s

At 1673K 4.8x101 /s

a) Determine the values of [&and the activation energyQ
b) Whatis the magnitude of D at 13WD(1573K)

— _ Qq From this equation we can compute two simultanepus
T - .
R(InD,-InD ) equations they are

_ olnD,-InD,
nD, =D, -2ty |inp, =inp, -y ty| Q=R 7

[IN(22x107%) - In(4.8x10™)
K)
1 1
147K 167K

Q, =—(8.3143 /mol-

=315700J / mol
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Now we can solve [Xrom this equation

D, =D, e

= 22x10m?/ s) exg -2 0 /mol
(8311 / mol-Kk)(147%)
= 35x10"m°/s

(b) Using these values ofand Q D ,, 1573K is just

D = (35%x10*m*/s) ex;{— 31570Q) / mol }

(831) / mol-k)(157%)

=1.1x10“m?/s
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Summary

Open crystal structures
Lower melting temperature materials.
Smaller diffusing atoms
Cations
Materials with secondary bondi
Lower density materials

Close packed structures
Higher meltmgperature materials
Larger diffusing atoms

Anions
Materials with covalent bondil
Higher density materials



Tempeeaur )

Avala Lava Kumar* : Suneeti Purohit :Gautam Behera
Department of Metallurgical aterialsEngineering (MME)
Veer Surendrasai University of Technology (VSSUT), Burla -76801

*E-mail : lavakumar.vssut@gmail.com

8

345




Introduction

Phase diagrams are an important tool in the armory of an raEtecientist

In the simplest sense a phase diagram demarcates regiorstehee of various
phases.Phase diagrams are maps)

Phase diagrams are also referred to esuilibrium diagramsor “constitutional
diagrams”. This usage requires special attention: through the ternd usg
“equilibrium”, in practical terms the equilibrium igaot global equilibrium bu
Microstructural level equilibrium.

Broadly two kinds of phase diagrams can be differentiatedthose involving
time anc thos¢ which do notinvolve time.

In this chapter we shall deal with the phase diagrams notfwingtime.
This type can be further sub classified into:

v" Those with composition as a variable (elges. % Compositiol)

v" Those without composition as a variable (¢2ys.T)

Time-Temperature-Transformation (TTT) diagrams and @aous-Cooling-
Transformation (CCT) diagrams involve time. These diagravill be considerec
In the chapter on Heat treatment.

JJ

192
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Definitions

Components of a system

O Independent chemical species which comprise the system. These cdildnbents|ons,
Compounds

Example: Au-Cu system Components—Au, Cu (elements)
lce-water systernComponent>H,O (compound)

Al ,O;-Cr,04 system: Components>Al O3, Cr,04

Phas

O A physically homogeneous and distinct portion of a material system (egy. aggstal,
amorphous...)

O

Gases Gaseous state always a single phasenixed at atomic or molecule level.

O

JJ

Liquids: Liquid solution is a single phase e.g. Nacl in HO andLiquid mixtures consist;
of two or more phases»> e.g. Oil in water j0 mixing at the atomic level)

L Solids: In general due to several compositions and crystals structures manys prase
possible.

v For the same composition different crystal structures represent diffphases. E.q.
Fe (BCC) and Fe (FCCare different phases 347




Definitions

What kinds of phases exis‘t?

Based on state> Gas, Liquid, Solid

Based on atomic order Amorphous, Quasi-crystalline, Crystalline

Based on band structure Insulating, Semi-conducting, Semi-metallic, Metallic
Based on Property» Para-electric, Ferromagnetic, Superconducting

Based on stability» Stable, Metastable, Unstable

U 000 0O

Also sometimesBased on size/geometry of an entiky Nanocrystalline, mesoporou

layered.

Phase transformatign

L Phase transformation is the change of one phase into another. For example
v" Water— Ice anda-Fe (BCC)— y-Fe (FCC)

Grain

O The single crystalline part of polycrystalline metal separated toylai entities by a grair

boundary
348
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Definitions

Solute

L The component of either a liquid or solid solution that is present to a lesser or exteot;

the component that is dissolved in the solvent.

Solvent

L The component of either a liquid or solid solution that is present to a greateljar

m

extent; the component that dissolves the solute.

Systen

L System, has two meanings. First, “system” may refer to a spetifidy of material or

object. Or, it may relate to the series of possible alloys consistingeo§dme component
but without regard to alloy composition

S,

Solubility Limit

O For many alloy systems and at some specific temperature, there is xanuma
concentration of solute atoms that may dissolve in the solvent to form a solidosgltltis
Is called a Solubility Limit.
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Definitions

Microstructure

U (Phases + defects + residual stress) & their distributions

L Structures requiring magnifications in the region of 100 to 1000 times. (or) iBlr@dtion
of phases and defects in a material.

Phase diagram

O Map that gives relationship between phases in equilibrium in a systerfuastson of T, P
and compositionMap demarcating regions of stability of various phases

Variables/Axis of phase diagrams

L The axes can be:

v" ThermodynamicT, P, V)

v Kinetic (t) or Composition variables ([ %X)
O In single component systems (unary systems) the usual variablésiare
O In phase diagrams used in materials science the usual variabletavex

O In the study of phase transformation kinetics TTT diagrams or CCT diagreasredsd use(
where the axis aré & t 350




System Component

Definitions

S

Phase diagrams and the systems they describe are oftetfi@haad named for th

number (in Latin) of components in the system:

-

Number of components

Name of system or diagram

One
Two
Three
Four
Five
Six
Seven
Eight
Nine
Ten

Unary
Binary
Ternar)
Quaternary
Quinary
Sexinary
Septenary
Octanary
Nonary
Decinary
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Coordinates of Phase Diagrams

O Phase diagrams are usually plotted with temperature, imegsgcentigrade
Fahrenheit, as the ordinate and the alloy composition imltgrercentage as ti

abscissa.

 The weight % of component A:

weightofcanponentA y

100

A >Weightofalcomponerg

 The atom (or mol)% of component A

A Znumberofsoms(ormols)ofallcompent:

numberofabmgormolsjofcomponetA

x100

 The Conversion from weight percentage to atomic percentagebe made by th

following formulas:

AtomicperentofA= X x100

AtomicperentofB=

ol

(o
x100

o

M = atomic weight of metal A& N = atomic weight of metal B

X = weight percentage of metal & Y = weight percentage of metal B.,

e




Experimental Methods

Thermal Analysis

A plot is made of temperature vs. time, at constant composition, the resatimigqng curve
will show a change in slope when a phase change occurs because of the evolution gf
the phase change. This method seems to be best for determining the initidinah
temperature of solidification. Phase changes occurring solely in the swalid generally

heat b
0

involve only small heat changes, and other methods give more accurate results.

VJ

Metallographic Method:

This methoc consist in heating¢ sample of ar alloy to differeni temperature waiting for
equilibrium to be established, and then quickly cooling to retain their highpésature
structure. The samples are then examined microscopically. This mettdficsity to apply to
metals at high temperatures because the rapidly cooled samples do ngt edtean their high
temperature structure, and considerable skill is then required to intetipee observeq

microstructure correctly.

X-ray diffractiom

Since this method measures lattice dimensions, it will indicate theaappce of a new phay
either by the change in lattice dimension or by the appearance of a new atystdlre. Thig
method is simple, precise, and very useful in determining the changesdnssaibility with

temperature




Gibbs Phase Rule

 The phase rule connects the Degrees of Freedom, the numbemgionents in a
system and the number of phases present in a system via a&sauehtion.

 To understand the phase rule one must understand the eaiablthe system
along with the degrees of freedom.

O We start with a general definition of the phrase “degreeseddom”.

Degrees of Freedom

The degre: of freedom F, are those¢ externally controllable conditions of temperatur
pressure, and composition, which are independently Mariand which must be
specified in order to completely define the equilibriuntstaf the system.

. F=C-P+2 | F_Degrees of Freedom
QiasTsEn or C — Number of Components
FE.-C+p=2 |P—NumberofPhases

equilibrium

The degrees of freedom cannot be less than zero so that weahaveper limit to
the number of phases that can exist in equilibrium for a gayetem. 354




Gibbs Phase Rule

Variables in a phase diagram

o)

© O O O

C — No. of components
P — No. of phases
F — No. of degrees of freedom

Variables in the system = Composition variables + Thermadyin variables

Composition of a phase specified by (C — 1) variablesg composition is expressed|

%age: ther the total is 10C% — there is one equatior connectin( the compositiol variables and we
need to specify only (C - 1) composition variables)

No. of variables required to specify the composition of dlhpes: P(C — 1)a§

there are P phases and each phase needs the specificatidb-efL) variable$

Thermodynamic variables = P + T (usually considered) at 2ofistant pressure (e.g.

atmospheric pressure) the thermodynamic variable becdmes

Total no. of variables in the system=P (C—-1) + 2

F <no.ofvariables  F<P(C-1)+2

Q7
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Gibbs Phase Rule

o For a system in equilibrium the chemical potential of each species is saalethe
phases

v If a,B,v... are phases, thep; (a) = ps (B) = pa (7).

v" Suppose there are 2 phasesand phases) and 3 components (A, B, C) in each phase thgf) =

Ua(B), ugla) = ug(B), uc(a) = uc(f) — i.e. there are three equations. For each component therérare
1) equations and for C components the total number of equaii® C(P — 1). In the above example t
number of equationsis 3(2 — 1) = 3 equations.

v' F = (Total number of variables) — (number of relations between variables)
=[P(C-1)+2]-[C(F-1)]=C-F+2
v In a single phase system F = Number of variables F=C-P+2

v' Pt — F| (For a system with fixed number of components as the number p
iIncreases the degrees of freedom decreases.

It is worthwhile to clarify a few terms at this stage:

O Components ‘can’ go on to make a phastcburse one can have single component phases as well eQ),
iron phase)

 Phases ‘can’ go on to make a microconstituent.

Microconstituents ‘can’ go on to make a microstruct{wiecourse phases can also directly go on to mak
microstructure) 356
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Gibbs Phase Rule
A way of understanding the Gibbs Phase Rule : B0+ 2

The degrees of freedom can be thought of as the differenesekbatvhat you (can)
control and what the system controls

F

C+2

Degrees of freedor= | What you can contrg

What the system contro|s

Can control the no. ¢

components added and P&T

System decided how me
phases to produce given the
conditions

Variation of the number of degrees of freedom with number of componentsiarieér of phases

C=2

No. of | Total Variables| Degrees of freedom Degrees of freedom
Phases P(C-1)+2 C-P+2 C-P+1
3 3 2
2 4 2 1
3 5 1 0
4 6 0 Not possible 357




Unary Phase Diagram

Let us start with the simplest system possible: the unary system whbaesim is just one

component.

Though there are many possibilities even in unary phase diagram (in terims axis anc

phases), we shall only consider a T-P unary phase diagram.

Let us consider the water (@) unary

phase diagram
Pressure

The Gibbs phase rule here is: F:C'P+a\/IPa)
(2 is for T&P) (no composition variablgs
here

Along the 2 phase co-existence (at B & C)

lines the degree of freedom (F) is2 i.e. 0.17
we can chose either T or P and the other
will be automatically fixed. 6x 103

The 3 phase co-existence points (at A) are

Liquid

vaporisafion

condgénsation

invariant points with F=0. (Invariant point

implies they are fixed for a given system). 0

The single phase region at point D, T and P
can both be varied while still being in the
single phase region with F = 2.

100
Temperature (°C)
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Unary Phase Diagram

Temperature (°C)

50 100 150
Pressure / kbar

The above figure represents the phase diagram for pureTirontriple point
temperature and pressure are A9@nd 110 kbars, respectively, y ande

refer to ferrite, austenite angkiron, respectively.o is simply the higher
temperature designation of
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Binary Phase Diagram

U O

U O 0O O

Binary implies that there are two components.

Pressure changes often have little effect on the equihbofisolid phases (unles

of course we apply ‘huge’ pressures).

Hence, binary phase diagrams are usually drawn at 1 atmesphessure.

The Gibbs phase rule is reduced to:
Variables are reduced to : F = C — P {1lis for T).

T & Composition (hese are the usual variables in materials phase diagrams)

Phase rule for condensed phas F=C - P fl\

ForT

In the next page we consider the possible binary phase dnsgrBhese have beg

classified based on:
v' Complete solubility in both liquid & solid states

v' Complete solubility in both liquid state, but limited soililly in the solid state

v" Limited solubility in both liquid & solid states

360
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Overview of possible Binary Phase Diagram

{ Liquid State]

Isomorphous

{ Solid State]

Complete Solubility in both somorphous with
liquid & Solid states ordering

Solid state analogue

of isomorphous

Isomorphous with

Phase separation

\ 4

Eutectoic

\ 4

Peritectoid

\ 4

Monotectoid

Fe AR 3 Eutecti
Complete solubility in liquic bl
state but limited solubility

in the solid state ST

Peritectic
Monotectic

Limited solubility in both liquid T

& Solid states FHeRIC

Metatectic
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Isomorphous Phase Diagram

U O

Isomorphous phase diagrams form when there is completd swid liquid
solubility.

Complete solid solubility implies that the crystal struetwf the two component
have to be same and Hume-Rothery rules to be followed.

Examples of systems forming isomorphous systems: Cu-NiAAgGe-Si, ALO-
Cr,0Oq

Both the liquid and solid contain the components A and B.

In binary phas: diagram betweel two single phas: regions there will be a two

S

phase region— In the isomorphous diagram between the liquid and solice stat

there is the (Liquid + Solid) state.

The Liquid + Solid state is NOT a semi-solid state it is a solid of fixed
composition and structure, in equilibrium with a liquid ofdd composition.

In some systems (e.g. Au-Ni system) there might be phaseaepain the solid
state (i.e.,the complete solid solubility criterion may he followed)— these will
be considered as a variation of the isomorphous system (oitiplete solubility
In the solid and the liquid state.




Temperature (°C)

cooling curves : Isomorphous system

Cu-20%Ni
Cu-10%Ni

Time (t)
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Revision : Solidification (cooling) curves

Pure metal

Time (t)

A

Alloy

Soldification
begins

L+ S

Solidification
complete

Time (t)

364



Isomorphous Phase Diagram

T and Composition can both be

varied while still being in the single C=1
phase region p=2
C=2 Liauid | PO
P=1 (iquid) - 14575C
F=2 Liquid (L)
C=2
> P=2 (L+S)
F=2

In the two phase
region, if we fix T
(and hence exhaust
our DOF), the

Temperature—
=
o
0
o
O

> Solid (S) composition of liquid

and solid in

equilibrium are

— automatically fixed

P f(_SZ id) (.,e. we have no

= oll . . choice over
F=2 Cu % NI — NI them).Alternatively

we can use our DOF

T and Composition can both be t:n dchose QQ thenarg
varied while still being in the single automaticadly fixed

phase region



Tie line and Lever rule

Chemical Composition of Phase SimRIERREN ][

 To determine the actual chemical composition of the phadeanoalloy, Iin

Intersection are dropped to the base line, and the composstiread directly.

equilibrium at any specified temperature in a two phaseoregiraw a horizontg
temperature line, called tée line, to the boundaries of the field . These points of

Relative Amounts of Each Phase Lever Rule

 To determini the relative amount of the two phase in equilibriun al any
specified temperature in a two phase region , draw a vettre@akepresenting th
alloy and a horizontal temperature line to the boundari¢sefield.

 The vertical line will divide the horizontal line into two ga whose lengths ar
Inversely proportional to the amount of the phases pred3éms. is also known a
Lever rule.

 The point where the vertical line intersects the horizohted may be considere
as thefulcrumof a lever system.

O The relative lengths of the lever arms multiplied by the antswf the phase
present must balance.

e

S

d

S
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Tie line and Lever rule

O O

We draw a horizontal line (called the Tie Line)at the tempaeaof interest (sa_l,/

Ty). Let Tie line is XY.

Solid (crystal) of compositiolr , coexists with liquid of compositiofy ,

Note that tie lines can be drawn only in the two phase coaxasteegions (fields).
Though they may be extended to mark the temperature.

O To find the fractions of solid and liquid we use the lever rule

 The portior of the horizonta line in the

two phase region is akin to ‘lever’ with th
fulcrum at the nominal compositioC()

The opposite arms of the lever g
proportional to the fraction of the solid af
liquid phase present (this is lever rule)

14

@D—>

Temperagur

Arm of the lever
proportional to the
Liquid

Arm of the lever
proportional to the
Cooling Solid

Fulcrum of the lever

Cll

C CZ 367 B

0
% B—




Tie line and Lever rule

Example>

Cu — Ni System

= 0 ' A
Al CO 35 wt¥e NI TA ------------- -' tie line Qo
o 1300} L (liquid)
At T a: Only Liquid (L) O
W'IC]UId = 100 Wt%1WSO|Id — O % TB ------------
© . | a
At Tp: Only Solid (S) é 1200 iy Si(solic
W [ =0,Wsolid=100wt% & TD[ > : :
L | !
At Tg: Both SandL 20 3B235 4043 50
S CLCO Ca
— — 0 TN
W, = —= _43 35:73wt% Yo Ni
43 - 32 Notice: as in a lever “the opposite leg” controls with
a balance (fulcrum) at the ‘base composition’ and
R R+S = tie line length = difference in composition
W. = =27 Wt% limiting phase boundary, at the temp of interest
° R+S
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Variations of Isomorphous System

An alloy typically melts over a range of temperatures. However, therg@@cial compositions whic
can melt at a single temperature like a pure metal. There is no difienenthe liquid and solic
composition. It begins and ends solidification at a constant temperature with nogecha
composition, and its cooling curve will show a horizontal line. Such alloys are knasvra

congruent-melting alloys,sometimes known as@seudo-eutectic alloy Ex: Cu-Au, Ni-Pd.

Elevation in MP

Depression in MP
o Variables — T, C,8, C¢® =3 }
Case A L+ 5 | Case B
Commen fangent fo f."t,f-'if:_r'-'_f-f. ﬂnﬁ-'-.-f-‘;’i':fu-'- linex iy korizontal Cum:r.iaq:r tangent to liguidus and solidus lines (s horizontal
p o : =3
o MW P=2 " 1 - - e
P .
74 { k- F =177 (see below) | = quLlld <
Congruent melting S
allay ' g %
Cangruent melting
, alloy,
- el :
: b
T 1
. 5 Sohid
A C, %B — B T A C, %B - B

R
U Congruently melting alloys— just like a pure metal

Q Is the DOF 1? No: in requiring th@F = C¢ we have exhausted the degféreedom. Hence T is

automatically fixed— DOF is actually Zero..! 369
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Variations of Isomorphous System

O Elevation in the MP means that the solid state is ‘more staloeidgely speaking the
ordered state is more stal)le> ordering reaction is seen at low T.

O Depression in MP ‘means’ the liquid state (disordered) is more stabfghase separatign
is seen at low T.ffhase separation can be thought of as the opposite of ordering. Ordering
(compound formation) occurs for —ve values Aot ...

*A — B bonds stronger than A— A and B — B bor = A— A and B — B bonds stronger than A-B bonds
»Solid Stabilized— Ordered Solid Formation : =Liquid Stabilized— Phase separation in the solid

Case 1 ! Case 2
Common tangent to figuidus and solidus lines is horizontal : % Iy
T, : Liquid
i Congruent melting
A ! afloy
) 1 LN
Congruent melting T
alloy !
. Solid
SOIld Ty i 4 o, & o, have the same
T i o e a.  crystal structure & differ
e vy O\ ! 4 'H\ only in lallice parameter(s)
/ ., ! -
/ BOE \ ! ca ,+G._,_\\
/3 L\ ! [ Phase | OL
[ 4 Ordered | ! A drati 2
(&% \ [ S |

A ¢ %B- B A G ~WBs 7B



Examples of Isomorphous System with phase separatio

Ni at.%) ~
16203040 50 6 70 0
o N ' 143
404 _ .
Au-Ni: model system to L
understand phase separation
700 )
T w6
R
E Peatd20
g 800 == 5%
&
600
o+, .,
400

Weight Percent Platinum —
o 10 20 3 4 S0 6 0 &

n

£1763.9 “C

90 i |
| L |
5 /’/ |
S e P
SRy
|/

Au-Pt system with phase
separation at low temperatures

i i /
400 i i

0 10 20 30 40 50 60 '.?0 i)

Au Atomic Percent Platinum —



Equilibrium Cooling

Liguid solution (704-30 8] 1 Nuclei = solid solution ulﬂgﬁﬂ -58)
— yy Liauid solution (694 - 318)
i ABHEHEEA Dendrites of 0, 1904 - 108)
la) 2 Liquid L,
o Liguid (2 (554-458)
a7 Liquid L
g~ iqui 3
R Bl T [P Liquidus ) (42 4 - 588)
21
: ?il L+a I Ly Dendrites of ay
B~ T~ = —————  t— (ADA4-208]
I 3 T e -
| | i .?'4 I ‘i'q-
R A
: | “, | ! ! ()
= | I
5 I T _ | | Liquid Ly(354-655)
5 I I : s Solidus ! | | Grains of a4
a ! I I | I (almost 70.4-
E [ : ! | [
= | I Grainsof @ I
| a 1 (704-308) | |
| 1 i | 1
i 1 | | I
o o
1 [
I I
I : i (F) | : |
il i I | '
| l 1 | I !
I I | I | :
Il i I | |
| | [ I I I
| [ 1 i I |
I | [ I I I
I 1 1 1 1 i 1 L1 I i
4 5 10 20 30 40 45 S0 5860 B TO
Composition, weight percent &

Figure: The above figure represents the very slow cooling , under equilibrium conditions,
particular alloy 70A-30B will now be studied to observe the phase changes that occur . 372

of a



Equilibrium Cooling

This alloy at temperature 4Tis a homogeneous single-phase liquid solut{eh and
remains so until temperature;i$ reached. Sincejis on the liquidus line, freezing ar
solidification now begins.

The first nuclei of solid solution to form, will be very rich in the higher melting point
metal A and will be composed of 95A-5BY tie line rule).Since the solid solution in
forming takes material very rich in A from the liquid, the liguid must gehar in B. Just
after the start of solidification, the composition of the liquid is apprated as 69A-31B

(b).

When the lower temperature, i reached, the liquid composition is af The only solid
solution in equilibrium with L, and therefore the only solid solution forming afi3 o,
Applying tie line rule,a, is composed of 10B. Hence, as the temperature is decrgased,
not only does the liquid composition become richer in B but also the solid solution.

At T, crystals ofa, are formed surrounding the, composition cores and also separate
dendrites ofy, (see figure in below).

Liquid
L, (69A-31B)

Liquid
L, (55A-45B)

\ -
b f'/

Primary dendrites N\~ _
a, (95A5B) —

Secondary dendrites
a; (90A-10B)
Solidification begins at temperature T, At temperature T, before diffusion

Schematic Representation ofthe Alloy 70A-30B at Temperatures T, and T,
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Equilibrium Cooling

In order for equilibrium to be established aj the entire solid phase must bg
compositiona,. This requires diffusion of B atoms to the A-rich core notyo
from the solid just formed but also from the liquid. This isspible in crysta
growth(c).

The composition of the solid solution follows the soliduseli while the
composition of liquid follows the liquidus line, and both gdes are becomir
richer in B.

At T, (d) the solid solution will make up approximately three-fowsribf all the
materia preser.

Finally, the solidus line is reached af &nd the last liquid L. very rich in B,
solidifies primarily at the grain boundariés).

However, diffusion will take place and all the solid solutiavill be of uniform
compositionn(70A-30B), which is the overall composition of the all@y.

There are only grains and grain boundaries. There is no ee@def any difference

In chemical composition inside the grains, indicating tthifflusion has made th
grain homogeneous.

. a
1l

e




Equilibrium Cooling

O The very slow cooling , unde

equilibrium  conditions,  Of
particular alloy 65Cu - 35Ni wil
now be studied.

(Liquid)

B - ‘B’ is on the liquidus line,
solidificatior now begin.

crystals.

D — ‘D’ is on the solidus line
solidification now ends.

E — Homogeneous single phase

(Solid)

?
o
=

C — Solid surrounded by liquid®
S
S
@

Cu-Ni Phase Diagram

110

L (liquid) ‘L: 35Wt%Ni

A — Homogeneous single phalse 35 wips N

P Wt% N

S (solid)

B wit% Ni

4 Wt% Ni
6 Wt% Ni

20
Cu

30 35 40 50
Co

% Ni— 375



Non Equilibrium Cooling - Coring

O In actual practice it is extremely difficult to cool underwggorium conditions.
Since diffusion in the solid state takes place at a very shiw, 1it is expected tha
with ordinary cooling rates there will be some differencetie conditions a;
iIndicated by the equilibrium diagram.

 Consider again 70A-30B aIIo_{/I
solidification starts at Jforming
a solid solution of compositiof
oy .

d At T, the liquid is L, and the
solid solution now forming is o
compositiona, . Since diffusio
IS too slow to keep pace with
crystal growth, not enough timg¢
will be allowed to achiev
uniformity in the solid, and th
average composition will b

Temperature

A} >4

| e
betweeml and(IZ’ saya , Composition, weight percent B

Nonequilibrium Cooling 376




Non Equilibrium Cooling - Coring

As the temperature drops, the average composition of thd solution will

depart still further from equilibrium conditions. It seetfst the composition af

the solid solution is following arfonequilibriunt solidus linea, to o', shown
dotted lines in figure.

The liquid, on the other hand, has essentially the composigiven by the
liquidus line, since diffusion is relatively rapid in licghi At T, the average soli
solution will be of composition’ ; instead ofo;.

Undel equilibriunr cooling solidificatior shoulc be completc al T, ; howevel
since the average composition of the solid solutn has not reached th
composition of the alloy, some liquid must still remain. Aypg lever rule at T,
givesa’,= 75% and L, = 25%.

Therefore, solidification will continue until JJis reached. At this temperature t
composition of the solid solution’s coincides with the alloy composition, at
solidification is complete. The last liquid to solidifyglis richer in B than the lag
liquid to solidify under equilibrium conditions.

]

he
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Non Equilibrium Cooling - Coring

 The more rapidly the alloy is cooled the greater will be thenposition range |
the solidified alloy. Since the rate of chemical attack garwith composition,
proper etching will reveal the dendritic structure microgically (see belo
figure). The final solid consists of a “cored” structure Wwiti higher-melting centrg
portion surrounded by the lower-melting, last-to-soldshell. The above conditign
is referred to as coring or dendritic segregation.

r’ ;'(-, H ‘ ‘ \‘a '* ,.‘_,ln
De%dnﬂcﬁtruciure

O To summarize, nonequmbrlum cooling results in an incegatemperature range
over which liquid and solid are present; Since diffusion has kept pace wit
crystal growth, there will be a difference in chemical comifon from the cente
to the outside of the grains. The faster the rate of cooling,greater will be th
above effects.
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Cored vs. Equilibrium Phases

Consider Cu-Ni phase diagram case

First a to solidify ha€seiia = 46 wt% Ni.
Last a to solidify ha€seiid = 35 wt% Ni.

On Fast rate of cooling On Slow rate of cooling
Cored structure Equilibrium structure
First a to solidify: Uniform Csolic

46 wt% Ni

Lasta to solidify:
< 35 wt% Ni

35 wt% Ni

"
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Homogenization

Cored structures are most common in as-cast metals. Froemattier discussio
of the origin of a cored structure, it is apparent that thedafd formed along th
grain boundaries and in the inter-dendritic spaces is vely in the lower-
melting-point metal.

Depending upon the properties of the lower-melting-poirgtah) the grai
boundaries may act as a plane of weakness. It will also resalserious lack o
uniformity in mechanical and physical properties and, imsccases, increas
susceptibility to intergranular corrosion because of gn&ftial attack by
corrosive mediun. Therefore for some¢ application a corec structure is
objectionable.

There are two methods for solving the problem of coring. Gn®iprevent its

formation by slow freezing from the liquid, but this resuitlarge grain size an
requires a very long time. The preferred method indusyrigl to achieve
equalization of composition or homogenization of the comdicture by
diffusion in the solid state.

At room temperature, for most metals, the diffusion rateasyvslow; but if the
alloy is reheated to a temperature below the solidus lirfeysion will be more
rapid and homogenization will occur in a relatively shamie.

2d

ey
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Eutectic Phase Diagram

Very few systems exhibit an isomorphous phase diagram lystle solid
solubility of one component in another is limited).

Often the solid solubility is severely limited — through ®aid solubility is never

zero (due to entropic reasons).

In a Simple eutectic system (binary), there is one compmusdt which the liquig
freezes at a single temperature. This is in some sense sitnila pure solig
which freezes at a single temperature (unlike a pure subtestime freezing
produces a two solid phases both of which contain both theoooemts).

The term Eutectic meanseeagynadlingg— The alloy of eutectic compositio
freezes at a lower temperature than the melting point s of cihrestituent
components.

This has important implifications»> e.g. the Pb-Sn eutectic alloy melts at 183
which is lower than the melting points of both Pb (327°C) andZ32°C)— Can
be used for soldering purposes (as we want to input least atnofuheat to
solder two materials).

In the next page we consider the Pb-Sn eutectic phase diagram

N

n

oC,




Eutectic Phase Diagram

Liquidus
327°C 4

Eutectic
L>a+f L+p

,/
N
\
\I,/
I
1

232°C

O

L o

oD

z B

Q Y Al

3 A

= \-‘ Solvus

Pb 18% 0% Snh — 62% 18%Sn
Eutectic reaction at 18G L — + P

62%Sn — 18%Sn + 97%Sn
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Example : Cu-Ag Eutectic System

 Raoult’s law states that the freezing point of a pure sulsstawll be lowered b;i
the addition of a second substance provided the latter isbkolin the pure
substance when liquid and insoluble when solidified. Thewamh of lowering of
the freezing point is proportional to the molecular weighthe solute.

120

« Limited solubility: L (liquid)

@)
a. mostly Cu %100
S
B: mostly Ag IS ]
ty = 80T 755 71.9 91
e Tz : No liquid belowT¢ 3
S 600t
e Cz : Min. meltingT; - o+

Three single phase regions — (., ) 40
exist at 71.9% Ag at 779°C commonlygol ! !

known as Eutectic. The reactionisas 0 20 40  60Cg80 100
follows...! Cu wt% of Ag— Ag

L(Co) — a(Cye) +B(Cpe)
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Microstructural Characteristics of Eutectic System

L: C,wt% Sn /L: C, Wt% Sn
400 A 400

300 - 300 T

'+

Temperature (°C)
N
3
Temperature (°C)
o
(@)

100 T

1
1
1
1
1
1
1
|(‘,:0
1
1

100 -
| ]
0 :\2 10 20 30 0 10 | 20 30
Pb 2% wt% Sn— Pb wt% Sn—

L To reiterate an important point: Phase diagram do not contain microstruictiaranation
(i.,e. they cannot tell you what is the microstructures produced by apol@ften
microstructural information is overlaid on phase diagram for convenience.e{strctly
cooling is not in the domain of phase diagram — but we can overlay such information
keeping in view the assumptions involved. 384




Microstructural Characteristics of Eutectic System

d 18.3wt% Sn< G<61.9 wt% Sn

 Microstructure consists a crystals and a eutectic mianosire

L: C, wt% Sn L

o —Just abovéy:
L
— 0
200k ] p % Co = 18.3 Wt% Sn
. : C, =61.9wt% Sn
O L+a I S
< I W = = 0
) 200::(1 ' R : S : a R+S 50 wt%
2T =R £ W, = (1-Wq) = 50 wi%
g N
E 100p/ . a+p i | ® — Just belowT :
, : I | Ca = 18.3 Wt% Sn
ST ' Loy Jevedicl cp= 97,8 wt% Sn
0 20 40 60 80 97.8100 S
Pb 183 61.9 Sn Wo = = 72.6 Wt%
wt% Sn— R+S

Wp = 27.4 Wt%
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Microstructural Characteristics of Eutectic System

| Co:CE

O Microstructure represents Eutectic microstructure (lanestructure) alternatin
layers (lamellae) of a and b crystals.

J

Pb-Sn Eutectic Microstructurge

L: C,wt% Sn
300 |
. :
@)
Q_/ |
|
© 200! | L+B([P
3 QI(;- ,; | - |
S | | 1
Q ! I I
o I | I
£ 1004 : : :
|G_" ' (X,+B I B: 97.8 Mit% Sn
| I 1
| : ; 00 18.3 wt%Sn g
I E ] ] I: | :
0 20 40 60 80 97.8100
Pb 183 Ce Sn
61.9
—Wt% Sn

38
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Hypo Eutectic — Eutectic — Hyper Eutectic

o

_ 100
eltectic(61.9%Sn) Sn

Eutectic

eutectic micro-constituent 387



Special Eutectic Systems

d
a
d

a

Consider the eutectic systemithout terminal solid solubility Bi-Cd
Technically it is incorrect to draw eutectic phase diagrams with zerd solubility.

This would imply that a pure component (say Bi in the example considered) melts
over a range of temperatures (from ‘p’to 271 2G)which is wrong.

Also let us consider an example of a point ‘p’ (which lies on the ‘eutectic H(@).
At ‘p’ the phase rule becomed-= C-P+1 = 1-3+1 =-1 !l

Temperature (°Cl —>

Weight Percent Cadmium —

10 20 30 4 S0 60 70 B0 90 oo
400 | -__—'_"T-ﬂ ':'-"- = = ""_'I“_':-~mi-"'-3'-"'m“"'-'—-“"'-'—-" T
! " Technically this is incorrect: | | ' L "
350 4 there has to be some terminal | | ST
| : 1: ! 331, 108°C: A
| - solid solubili | - \
3”“ .JI................._....i/ /4’.'................_....'.5: — ._....._..;......................_.....:...:_,.‘:'.....:T
271,442 %C 115 ,f/ f/ . o : A
250 § ‘/ A i 2 : N\ Swsall tersrinad solid
. o o - iy sevon with e
1 4 -1 | el ¥ . 3 a 2x hwe T ,_;
| I e oo :
1503 SO O [ 7 | ¥ it e R i M O AT, R R RO A 1~ \
F_ | | _._t- 3 ' ] o S =
Sp || s 1 Q~: } Correct’ version of the diagram with
100 . i . : ; } : 5
. some terminal solid solubilitv.
—(Bi) (Cd— .T :
50 ; Bes
§ y ! : 0 l.ﬂ :;ﬂ 30 40 S0 G0 ?I'ﬂ !I!ﬂ o0 108
0 o 20 04 o e 7 s 9w 1w A Oall —» 388 B
Bi Atomic Percent Cadmium —» Cd



Special Eutectic Systems
Weight Percent Germaniwm —» .
, ” - _:.. - G aw e R e Weight Percent Copper —»
1] o ) '[:"Lg Ge) ) IR (Ag:Cu) (ke L
B~ =2, el o ! 1| i
96193 Ta L |
? 4311 T
G ‘H'E} I & 74 G irt & |
¢ o ] g H- Iﬂail:m'l.' == ol T it
E E Kl
% 401 % "
ﬁ (Goy = =
.I&E 1 1 ) ] &1 i m i i} {ll‘:.u-‘ Ag . e ;tﬂmdlr-;e.m;:r Cﬂm_ r_;- . ) L.u
M Atomic Percent Germanium —» e Pne
J Note that the above is an alternate way of arriving at the obvious contradictioatthat

‘P’ on one hand we are saying that there is a pure component and on the other hand we

are considering a three phase equilibrium (which can happen only for Bi-Cd alloys.
In Eutectic systems, at Eutectic pointk 3 phases co-exist.:, o &3
The number of components in a binary phase diagram+gi# number of DORF-=0

This implies that the Eutectic point is amvariant Point— For a given system it occuls

I N

at a fixed composition and temperature.
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Application of Lever rule in Eutectic System

AR Eor a 40 wit% Sn-60 wt% Pb alloy at 28 find the phases preseant:
Spueo andp, Composition of phases
Example
C, = 40 Wt% Sn Pb-Sn Phase Diagram
C,= 11 wt% Sn
Cb = 99 wt% Sn 30

L (liquid)
The relative amount of each ph
by using lever rul

Temperature ?C)
N
o
(gn)

.- S _ GG 150
a~ RS T G,-C, 1
. 99-40 _ 59 _ i
~99-11 ~8g oW} oo
c..C 01120 40 60 80 9000
W= R = 2o~ C. C, Cy
R+S CB-CG
40-11 29 Wive Sn—

= = — =33 wth
99 - 11 38
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Application of Lever rule in Eutectic System

AR Eor a 40 wt% Sn-60 wt% Pb alloy at 220 find the phases preseant:

E?(ZIr\rﬁ)(lje and Liquid, Composition of phases

Co =40 wt% Sn Pb-Sn Phase Diagram
C,= 17 wt% Sn
C, = 46 Wt% Sn

30

. (liquid)
The relative amount of each phaé)e

by using lever rul z 225(9 | ANl

Wa='cc = a6-17 100p
6
= E =21 wt% | I |
Co-C, 23 C, C, C.
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A
Solved
Example

Density data fof anda
p, =10300 Kg/m3
pg = 7300 Kg/m?

Eutectic Data

During the solidification of a off eutectic (Pb-Sn) compas (G, ), 90
vol.% of the solid consisted of the eutectic mixture and 1Q%af the
proeutecti@ phase. What is the value 6f, ?

Let us start with some observationd?b is heavier than Sn and hence the density
of a is more than that of ¢Since the proeutectic phasefis— the composition is
hypereutectic (towards the Sn side)The volume fraction (in %) are usually
calculated by taking the area fractions by doing metallplgyamicrostructure) and
then converting it into volume fractions (usually volumadtion is assumed to be
equal to area fraction

183°C

62 Wt% Sn L : o B

+
62%5Sn 18%Sn 97%Sn
Using the fact that there is Vol% 3 phase
Wit fractionofproeutectts = Wiofj = 0.1% 7300
Wtofthealloy| (0.1x7300 + (0.9% 0, ectiemi)
97-62 62-18
Wher . =1030 +730 = 4563+ 4066=862Kg/m’
€ Leutectioms C5 ¢ Ry g

Substituting in equation (1): Wt. fraction pfqedéestic = 0.086

U singleverrule: 0.086=

C, - 062

,C, = 0.650= 65.0%
0.97-0.62
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Peritectic Phase Diagram

17720 : :
Peritectic
L>a+p
L+a 7
—~ Liquid (L)
O ) /,//
< (PY\  _  1sec ¢
9 'p I\\ s o~
-] o r
"éi 61.9°C
A
5 v ( E)
—_
S
pt 105 42.4 66.3 90 Ag
Weight Percent Silver Ag—
Peritectic L + Cools. P
Reaction 66.3%Ag 10.5%Ag  118°C 42 405Ag
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Peritectic Phase Diagram

O Like the eutectic system, the Peritectic reaction is foundsystems with
complete liguid solubility but limited solid solubility.

O In the Peritectic reaction the liquid (L) reacts with oneigol(a) to produce
another solidff). L+a — B

O Since the solid forms at the interface between the L and thdurther reactior)
IS dependent on solid state diffusion. Needless to say tares the rate
limiting step and hence it is difficult to ‘equilibrate’ peFctic reactions (as
compared to say eutectic reactions).

Furthey rrm'rﬁmlimww; dliffusicon

o B

erfacial reactio
Interfacial tion
product [

Peritectic Reaction » L+ a —

14
N

 In some Peritectic reactions (e.g. the Pt-Ag system — puavoage). The (pure
B phase is not stable below the Peritectic temperatusex1186 °C for Pt- Ag
system) and splits into a mixture af£p) just below T,




Monotectic Phase Diagram

In all the types discussed previously, it was assumed tlaktivas complete
solubility in the liguid state. It is quite possible, howevéhat over a certain
composition range two liquid solutions are formed that awé soluble in eaclk
other.

—

Another term for solubility is miscibility. Substances tlzaie not soluble in each
other, such as oil and water, are said to be immiscible. &nbss that are partly
soluble in each other are said to show a miscibility gap, dmsl it related tg
Monotectic Systems.

4

When one liquid forms another liquid, plus a solid, on cogliit is known as a
Monotectic Reaction.

It should be apparent that the Monotectic reaction resesnbie eutectic
reaction, the only difference being that one of the produsta liquid phase
iInstead of a solid phase.

1”4

An example of an alloy system showing a Monotectic reactioihas between
copper and leadjiven in next page. Notice that in this case the-lL, is closed.

Also, although the terminal solids are indicated cagind 3, the solubility is
actually so small that they are practically the pure metaipper and lead.




Monotectic Phase Diagram

1100
1000

900

800

700

60C
500

Temperature (°C)
D
3

300

200

Cu 10 20 30 40 50 60 70 80 90Pb
Weight Percent Lead Pb-

In Cu-Zn Phase diagram the eutectoid reaction occurs
At 560°C with 75% Zn
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The Eutectoid Reaction

This is a common reaction in the solid state. It is very simiathe eutectic

reaction but does not involve the liquid . In this case, adsphase transforms @
cooling into two new solid phases. The general equation neayriiten as..!

Coohng
Solid, —— Solid, + Solid,

Heating

The resultant Eutectoid mixture is extremely fine, juseltke eutectic mixture.
Under the microscope both mixtures generally appear theesamd it is not

possible to determinc microscopicall whethe the mixture resultec from a
eutectic reaction or eutectoid reaction.

An equilibrium diagram of Cu-Znillustrating the eutectoid reaction is shown
figure (see in next page).

In copper (Cu) — Zinc (Zn) system contains two terminal sebtlitions i.e. thes
are extreme ends of phase diagramndmn, with four intermediate phases call
B, v, 6 ande. Thep’ phase is termed an ordered solid solution, one in which
copper and zinc atoms are situated in a specific and orderadgement within
each unit cell.

N

in

g
n(d
the




Cu-Zn Phase Diagram - Eutectoid Reaction

1200
o+ L Liquid (L)
1000 ' B+L
" Eutectoid
g/ 800
o
=
©
aé 600 )
+
G B
400 -
20 : : ] —
0 20 40 60 80 100
Cu

Composition (Wt% Zn—)
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Cu-Zn Phase Diagram - Eutectoid Reaction

O In the diagram, some phase boundary lines near the bottodaahed to indicatg
that there positions have not been exactly determined. @&son for this is that
at low temperatures, diffusion rates are very slow and imately long times are
required for the attainment of equilibrium.

L

O Again only single- and two- phase regions are found on thgrdm, and the
same and we can utilize the lever rule for computing phasepositions and

relative amounts.

 The commercie materia brasse are coppe-rich coppe-zinc alloys: for example
cartridge brass has a composition of 70 wt% Cu-30 wt% Zn antceostructure

consisting of a single phase.

In Cu-Zn Phase diagram the eutectoid
reaction occurs at 56 with 75% Zn

Cooling
Y + &
<
Heating

Cu 70, Zn 30 (wt%),
recrystallied
annealing twins




The Peritectoid Reaction

This is a fairly common reaction in the solid state and app@&amany alloy

systems. The peritectoid reaction may be written as

Coohng
Solid, + Solid, — Solid,

Heating
The new solid phase is usually an intermediate alloy, butay mlso be a soli

solution .The peritectoid reaction has the same relatipngh the peritectia

reaction as the eutectoid has to the eutectic. Essentitabythe replacement of
liquid by a solid.

The peritectoic reactior occur: entirely in the solid state anc usually al lower
temperatures than the peritectic reaction, the diffusete will be slower an(
there is less likelihood that equilibrium structures wil teached.

Consider Silver (Ag) — Aluminium (Al) phase diagram fiext pagée containing
a peritectoid reaction.

If a 7% Al alloy is rapidly cooled from the two phase area jubbwe the
peritectoid temperature the two phases will be retained,tha microstructurs
will show a matrix ofy with just a few particles ofi. When we cool at below th
peritectoid temperature by holding we get single phase

a

e




Peritectoid Reaction : Ag-Al Phase Diagram

Weight percent aluminium —

10 20
1000 30 40 50 60 80 100
960.5
Cooling
900 Solid, + Solid, —=—— Solid,
Heating
800
Liquid

700
— 660
@)
S o p——
q) o
E Ay
S 500
9 -
= 400 T-----._ Peritectoid
= 300 UpgsY — N

200

100

O 10 20 30 40 50 60 70 80 90 100
Atomic percent aluminium — Al
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Monotectoid Reaction : Al-Zn Phase Diagram

800

700 T Monotectoid
660 = Liquid

a— o'+
N

600

P L+
500 »‘B

Al () 420

NN
o

w
o
o

perature (°C)

Tem
N
(@)
(@)

0 10 20 30 40 50 60 70 80 90 100
Al : - Zn
Weight percent Zinc —
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Syntectic Reaction : Ga — | Phase Diagram

Weight Percent lodine
80 90 100
|

0 10 20 CI%O 40 SP 60 70 | |
1 | I' 1 1 1 ) 1 'I | | 1
1 1
l"' I|| :
4 1
i 1 L
.: a
,- s
ol | :
DA e S UGl 2 ehas
=1
| Sar
o| | Freka
g :' Syntectic
& ': L ,+L ,Gal
: | 113.6°C
AR SR ()—+
< (Ga)
0 50 65.5 75 100
Atomic Percent lodine I
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Metatectic Reaction : Fe - Sc Phase Diagram

Weight Percent Scandium
30 40 50 60 70 80 90 100
Y . | I — """"l-""‘"'r"'"']"""""‘"r‘J' - ,.,...,.,‘L

1541°C

-1337°C

o
° ;
% i (PSO)F1
5 i { H
= ! / ‘
; !
900 i {
'-: : = .l. 1
770°C ]%- 7990 . 750°C g
- o o 3 V[
700 ;: Magnetic transition K (@Sc) J,-,f
E‘GD""""' L) R Rt L U P BT R L R L RS ot BLR L PRI ot L AR (L B Ll T LA 'I"""""""_""}
0 10 20 30 40 50 60 70 80 S0 100
Fe Atomic Percent Scandium Sc

d In the above Fe-Sc system representéatiatectic reaction,
0 Fe — yFe + Lat 1360°C
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Summary of Invariant reactions

Name of reaction

Phase equilibrium

Schematic represéation

: N L+S L+S
Eutectic Lo S5 +S, S : ;111/32 2 <S2
L SN L+S, P
Peritectic S+LoS 2> 535 “ox s,
. L+s, L L,+L
Monotectic L, S +L, S> 1 hgz =2,
Eutectoid S, S,+ S, S-St gsj/& G
. . ~. SiHS /
Peritectoid S+S <SS S > 575, A\ S5 <>
. +S,. 1 +
Monotectoid S, SptS Sp> Si5*S1a S}é S1tS, <5
Metatectic S« S+L S>> A ;Si/l_ Sl <L
L,+L
i N 1" =2 1
Syntectic L,+L,<S L > [+S /& S <L,
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Allotropic Transformations

 As we discussed earlier that several metals may exist in moreaiharype of crystﬂl

structure depending upon temperature , Iron, Tin, Manganese and Cobalt are examples
of metals which exhibit this property , known A#otropy.

 On an equilibrium diagram, this allotropic change is indicated by a point or points on
the vertical line which represents the pure metal. This is illustratdgeiow figure. In
this diagram, the gamma solid solution field is ‘looped’. The pure metal Fe amgsal
rich in Fe undergo two transformations.

2000

1907

=
[el)
o
—~

Temperature (°C)

ot |

0 10 20 30 40 I50 60 70 80 90 100

Weight Percent Chromium» 406




Allotropic Transformations: Fe-Fe ;C System

Peritectic :
L+d>y | 4% : Eutectic

L >y+FeC

0.1 %C-—-"

Eutectoid | |
y-> o+ FeC | =

0.025 %C—*{l

|_

Fe

L | Fe,C
0.16 0.8 4.3 6.7

Fe-Cementite diagranlu %C —» 407




Order-disorder Transformations

Ordinarily in the formation of substitutional type of solid solution the sslatoms do noh

occupy any specific position but are distributed at random in the lattrcetate of the
solvent. The alloy is said to be in a ‘disordered’ condition.

Some of these random solid solutions, if cooled slowly, undergo a rearrangemdra
atoms where the solute atoms move into definite positions in the lattice. fhdwse is
known as arordered solid solution osuperlattice

Ordering is most common in metals that are completely soluble in the stdteé, and
usually the maximum amount of ordering occurs at a simple atomic ratio of the
elements.

For this reason, the ordered phase is sometimes given a chemical formilaassdaiCu
and AuCy in the gold-copper alloy system. On the equilibrium diagram, the ord
solutions are frequently designatedoas ' , etc. ora’ , a” , etc., and the area in which thg
are found is usually bounded by a dot-dash line.

CuAu CusAu

408
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Order-disorder Transformations

 When the ordered phase has the same lattice structure asthnéaled phase, the
effect of ordering on mechanical properties is negligidardening associated
with the ordering process is most pronounced in those sygstemere the shape of
the unitcell is changed by ordering.

J Regardless of the structure formed as a result of ordermgmnaortant propert
change produced, even in the absence of hardening, is dicaguireduction in
electrical resistance. Notice the sharp decrease in gaictresistivity at the
compositions which correspond to the ordered phases AuGhaGu,

—
o

_Disordered —_ Quenched Cu.Au
_ E »= 7 Tglloy [ / v elly
LE] e =TT
E 15[ Disordered 1 5100
-15 £ 10 E
[+]
s 1~ g 2
w — o
2101 . > 80
» 2 =
.-’f‘ > 7
% @ g
@ 5t l Te &
& 1 | | é | 1 1 Eﬂ ]
0 200 400 0 25 50 75 100 0 25 7
Temperature —=°C Gold — At */s %0 > 1o

Reduction in ¢.5.a. %
(a) (b) (c)

Figure : Effect of (a) temperature, (b) composition, and (c) defoomain the resistivity of
copper-gold alloys 409




Note

O Some of the equilibrium diagrams discussed under the simple
are the same as actual ones. Many alloy systems have diagrams
show more than one type of reaction and are generally more cor
than the simple types.

 However, even the most complex diagrams show mainly the reac
that have been covered. The student should be able to label a
diagram completely; understand the significance of every point,

[ypes
which

nplex

tions
phase
line

and area; determine the various reactions that occur at the horizontal

lines; anc describi the slow coolinc anc microstructur of any alloy on

a binary equilibrium diagram.
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Allotropic Transformation in lron

O Iron is an allotropic metal, which means that it can exist mrenthan one type af

lattice structure depending upon temperature. A coolingyesdior pure iron is
shown below:

153000 e ————————————————————

140000 0 e

T v (gamma) Fe- F.C.C

U .

b Non Magnetic

-

.§ 9100C -----------------------------------------------------------
S Non Magnetiq, @ (alpha) Fe - B.C.C )
S T68°C| T
@

o (alpha) Fe - B.C.C
Magnetic

Time — e



Allotropic Transformations in lron

There are three more allotropes for pure iron that form umikeerent
conditions

e-iron

The iron having hexagonal close packed structure. Thisga@ahextreme

pressure,110 k bars and 490°C. It exists at the centre ofdhté & solid
state at around 6000°C and 3 million atmosphere pressure.

FCT-iron

This Is face centered tetragonal iron. This is coherentlyodd#ed iron
grown as thin film on a {100} plane of copper substrate

Trigonal-iron

Growing iron on mis-fiting {111} surface of a face centeredba
copper substrate.

|1~4
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Iron — Cementite Phase Diagram

d The Fe-C (or more precisely the FesE¢ diagram is an important ong.

d

d

e
Cementite is a metastable phase and ‘strictly speakingildhmot be included in
a phase diagram. But the decomposition rate of cementitead and hence can
be thought of as ‘stable enough’ to be included in a phasealiagHence, we
typically consider the Fe-E€ part of the Fe-C phase diagram.

A portion of the Fe-C diagram — the part from pure Fe to 6.6 2mtarbon
(corresponding to cementite, §&&) — is technologically very relevant.

Cementiti is nol a equilibriurr phast anc would tenc to decompos into Fe anc
graphite. This reaction is sluggish and for practical psgo(at the
microstructural level) cementite can be considered to be phthe phase
diagram. Cementite forms as it nucleates readily as cordgargraphite.

Compositions upto 2.1%C are called steels and beyond 2.8¢alled cast
IroNns. In reality the calssification should be based on ‘castayitind not just on carbon content.

Heat treatments can be done to alter the properties of tkélstanodifying the
microstructure—~ we will learn about this in coming chapters.

1”4

415



lIron — Cementite Phase Diagram

Peritectic | | 2~ Eutectic
L+d->Yy e
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P
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0.025%C |$81 S¢g
! > I
/Il L L .
R W o (Ferrite) +iFe,C (Cementite)] = Pearlite
y>a+kec |
0.008 0.8 6.7

Fe % Carbon— Fe,C

Temperature—



Iron — Cementite Phase Diagram
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Carbon Solubility In Iron

@ ) / Solubility of carbon in Fe = f (structure, temperature)

Where iIs carbon located In iron lattice

Octahedral

6 face‘g sharing with two sides (6/2)=3 One interstitial site in center plusv

12 edges sharing with four sides (12/4)=3 12 edges sharing with four sides (12/4)=3
Total sites is (3+3), 6 per unit cell Total sites is (1+3), 4 per unit cell -
Every one Fe atom we have 3 interstitial sife$ Every one Fe atom we have 1 interstitial site




Carbon Solubility In Iron

L C dissolves more in the close packed structure (@) (albeit at higher temperature!
at 1 atm. pressurevhere FCC is stable) than in the open structure (BCC-Fe).

[ C sits in the smaller octahedral void in BCC in preference tatger tetrahedral void in
BCC.

Some relevant explanation...!

 The octahedral void in FCC is the larger one agmd thstortion occurs when
carbon sits there, this aspect contributes to a higher solubility ah@-Fe.

O The distorted octahedral void in BCC is the smailee —» but (surprisingly)

carbon sits there in preference to the distortdhiedral void (the bigger one)
(we will see in coming slides)

 Due to small size of the voids in BCC the distarttaused is more and the
solubility of C ina-Fe is small

» this Is rather surprising at a first glance as BE@e more open structure

» but we have already seen that the number of vai®CC is more than that ir

FCC - i.e.BCC has moraumber of smaller voids.

UJ

—
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Carbon Solubility in Iron
FCC

vou (0c)

Ove

Relative sizes of voids w.r.t atoms

Size of Fe atom
CCP crystal

Size of the OV

Note the difference in size of the atoms

BCC

vou (0c)

(Hee @

Relative sizes of voids w.r.t atoms

i Fe _4q A
SICZ:eC%]:‘)I/:Setaalltom rBCeC _'\\1-258A/

~~ -

swearverv xP¢_(d tet) = 0.364A
Size of the OV XBF(e:C(d.OC'[) = 0.195:&

TRemember 1

U FCC Size of the largest atom which can fit into the tetrahedr@l225 and octahedral void is 0.414
U BCC Size of the largest atom which can fit into teetrahedrals 0.29 andl.octahedraloid is 0.154421O




Why carbon preferentially sits in the apparently smaller octahedral void in BCC ?

—
-
— (110) g [jﬂT
x’jﬁ ./I
~ "
A
- f,f
,-a”’J
0 Ty .
A T 0 g
| — a2 a2
Ignoring the atom sitting at B and assuming the interstitial atonmésuthe atom atﬁ[
2a °
OA=Tr+X, = Vaa lace =1.258A
2 (1o |/ ,_[},.,
2 \/E r BCC:+/3a=4r - ,-/'/ '
(XA X
3 S — e T
£={2—\/6—1j=0.632€ : P~ -
r 3 ' '
av? i
OX = x, =0.796A OY=x =0.195A Xgec(dtet) = 0.364A 21



Carbon Solubility In Iron

 Actually the octahedral void in BCC is a linear ¢maerstitial atom
actually touches only two out of the 6 atoms surchug it)

 This implies for x/r ratios between 0.15 and 0168 nterstitial atom has
to push only two atoms

u (XcarborlrFe)BCC ~0.6

 This explains why Carbon preferentially sits in #pgparently smaller
octahedral void in BC
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Characteristics of phases appeared In
Fe-Fe,C phase diagram

423




Ferrite ()

U OO O

It is an interstitial solid solution of a smallvz-

amount of carbon dissolved i iron. The
maximum solubility is 0.025%C at 723 and it
dissolves only 0.008%C at room temperatute
Is the softest structure that appears on [
diagram

The crystal structure of ferriter] is B.C.C
Tensile strengtl— 4C0,00C psior 275 Mpa
Elongation — 40% in 2 in.

Hardness - <0 HRC or < 90 HRB

a(Ferrite) contains
B.C.C structure

Schematic: not to scale

0.025




Cementite ( Fe,C)

d Cementite or iron carbide, chemical formula;Ee contains 6.67%C by weight

and it is a metastable phase.

O It is typically hard and brittle interstitial compound ofwotensile strengtl

(approx. 5000 psi) but high compressive strength.
O Itis the hardest structure that appears on the diagram.
O Its crystal structure is orthorhombic

—

Carbon
(4 atoms)

azb#c
a:B:y:gOO

Orthorhombic

x
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Pearlite (a + Fe,C)

 Peatrlite is the eutectoid mixture containing O
%C and is formed at 728 on very slow
cooling.

O It is very fine platelike or lamellar mixture of
ferrite and cementite. The fine fingerprin
mixture called pearlite is shown in below figures

807

. 53

T
Eutectoid

Hyper
Eutectoid

%C —

Hypo
Eutectoid

Coarse

0.025

=)
;i
el T
P
@)

0.008

ﬂ Remember...! 1

Pearlite is a not a
phase but combination

O Tensile strength — 120,000 psi or 825 Mpa of two phases (ferrite
O Elongation — 20 percentin 2 in. + cementite)
0 Hardness — HRC 20, HRB 95-100, or BHN 250-300 26




Austenite ( v)

O It is an interstitial solid solution of a small amount of canbdissolved iny
iron. The maximum solubility is 2.1%C at 1147.

 The crystal structure of Austenite)(is F.C.C
O Tensile strength — 150,000 psi or 1035 Mpa
 Elongation —10% in 2 in.

O Hardness - 40 HRC and Toughness is high.

1539°C

L+d

ﬂ.‘l’ﬂn}fﬁc ﬂnﬁﬂ%c

1495°C;

L + Austenite

"y
L]
a
L]
e
“a
a
"
L]
......
a
"
"y
u
"y
"
L]
a

e
a
]
e
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Ledeburite ( y+ Fe,C)

(] Ledeburite is the eutectic mixture of austenite
and cementite. It contains 4.3%C and is forme
at 1147C

(J Structure of ledeburite contains small islands 01/

Eutectic Liquid (L)

T FE‘;C
B - 1147

LT
Hypo Eutectic
i

Hrper Eutectic

. . . ; 211
austenite are dispersed in the carbide phase. S —
J Not stable at room temperature 5 13 n3C

6.7

ﬁ he pearlite is resolver in some
regions where the sectioning plane |
makes a glancing angle to the lamellae.
The ledeburite eutectic is highlighted ¥&&
by the arrows. At high temperatures |4
this is a mixture of austenite anc
cementite formed from liquid. The
austenite subsequently decomposes ta
earlite.




Ferrite ( 0)

A Interstitial solid solution of carbon in iron of bog ferrite

centered cubic crystal structuré.ifon ) of higher lattice
parameter (2.89A) having solubility limit of 0.09 wt%
1495°C with respect to austenite. The stability of
phase ranges between 1394-1539°C.

|4

O This is not stable at room temperature in plain carbon sté@lvever it can be
present at room temperature in alloy steel specially dugtigixless steel.

4 N\
S-ferrite in dendrite form

in as-cast Fe-0.4C-2Mn-
0.5Si-2 Al0.5Cu

)
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Microstructures involved In
eutectoid mixture
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Eutectoid reaction

Phase changes that occur upon passing fromyt
region into thex+ Fe,C phase field.

Consider, for example, an alloy of eutectc
composition (0.8%C) as it is cooled from a temperat
within the y phase region, say 800°C - that
beginning at point‘a’ in figure and moving dowr
vertical xx’. Initially the alloy is composed entirely ¢
the austenite phase having composition 0.8 wt.% C
then transformed ta+ Fe,C [pearlite]

The microstructure for this eutectoid steel that is slo
cooled through eutectoid temperature consists
alternating layers or lamellae of the two phaseand
Fe,C

The pearlite exists as grains, often termed “colonis
within each colony the layers are oriented in essenti
the same direction, which varies from one colony,
other.

The thick light layers are the ferrite phase, and
cementite phase appears as thin lamellae most of w
appear dark.

ﬂ'+’£ /

x

b
-

a + FesC

|
|
-
|
|
|
f
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| <

|

the
fhich

1.0
Composition (wt% C)

2.0
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Eutectoid structure

boundary

“ \ . § Austenite grain

Austenite
{y)

Cementite

Growth direction
(FesC)

of pearlite

Pearlite in SEM_"..".

=

Carbon diffusion

Haigh

Schematic representation of the formation of pearlite from
austenite; direction of carbon diffusion indicated by arro ws




Hypo eutectoid region

Hypo eutectoid region — 0.008 to 0.8 %(

Consider vertical lineyy’ in figure, at
about 875°C, point, the microstructure
will consist entirely of grains of they
phase.

In cooling to point d, about 775°C, whi¢

IS within the a+y phase region, both the:
phases will coexist as in the schemg
microstructure Most of the smallo
particles will form along the originaly
grain boundaries.

Cooling from pointd to g, just above the
eutectoid but still in thex+y region, will
produce an increased fraction of the
phase and a microstructure similar to t
also shown: thea particles will have

N100
L’

D1 000

900 §

5€
800
1i[e

700

nat

400

D 500 H

OO I—

Eutectoid a
o + FesC

grown larger.

1.0

Composition (wt3 C)




Hypo eutectoid region

L Just below the eutectoid temperature, at pdintll the y phase that was present |at
temperatures will transform pearlite. Virtually there is no changedrphase that existed at
point e in crossing the eutectoid temperature — it will normally be present amt@ncious
matrix phase surrounding the isolated pearlite colonies.

L Thus the ferrite phase will be present both in the pearlite and also as the thiaa$sormed
while cooling through thext+y phase region. The ferrite that is present in the pearlite is
called eutectoid ferrite, whereas the other, is termed proeutectadr(ing pre- or beforg
eutectoid) ferrite.

o iaiallaleds P ro-eutectoid ferrite
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Hyper eutectoid region

Hyper eutectoid region — 0.8 to 2.1 %C

Consider an alloy of composition,dn figure
that, upon cooling, moves down the ling’. At
point g only they phase will be present and ti
microstructure having only gamma grains.

Upon cooling into they+ Fe,C phase field —

say to point h — the cementite phase will beg

to form along the initial y grain boundaries;

similar to the a phast in point d. this cementit
Is called proeutectoid cementiteéhat which
forms before the eutectoid reaction.

As the temperature is lowered through {

eutectoid to point I, all remaining austenite
eutectoid composition is converted in
pearlite; thus the resulting microstructy
consists of pearlite and proeutectoid cemer
as microconstituents.

1100

1000

800

>

Temperature T'C) "qy

BOO

700

-y
d

to
re
tite

of oo
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Proeutectoid
Fe 3':

Eutectoid FesC
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Composition {wt% C)
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Hyper eutectoid region

Pearlite
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Application of Lever rule In
Fe-Fe,C phase diagram




A
Solved
Example

For a 99.6 wt% Fe-0.40 wt% C at a temperature just below
eutectoid, determine the following:

a) The amount of R€, ferrite () and pearlite

b) The amount of pearlite and proeutectoid ferrite (

a) The amount of FgC and ferrite (a)

Percentage dfe,C =

Percentage oFe;C in 0.4 %C steel is 5.64 % T(°C)

Percentage of Ferritel)in 0.4 %C steel = (100- 5.64)%ooc

Percentage of ferrite in 0.4 %C steel = 94.36% -

g
E 8

0.4 —0.025

6.67 _0.025 100

-uauc,;(
1400 L
¥+

// ’

1200 _
(alstenite)

N\

1148°C~_—T3FeC |

v +Fe,C

80

Fe.C (cementite)

60 w+Fe,C

40 12 3 4 5 6 67

6.67 — 0.4 _
Percentage of ferrite= +100 = 94.36% Co Co, W% C Crege

6.67 — 0.025
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b) Phase fraction of pearlite and proeutectoid ferrite @)

Percentage of pearlite = 0.4-0. 025* 100
georp ~0.8—-0.025

Percentage of pearlite = 48 %

Ferite

Percentage of proeutectoid ferrite ¢) in 0.4 %C steel = (10

Percentage of proeutectoid ferrite ¢) = 52 %

_ ) 008—-0.4
Percentage of proeutectoid ferrite = 0.8 —0.025

0.4

0- 48)%

* 100 = 52%
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Critical temperature lines

1,600

1,030 A E==
m("“'f'e?ﬁ'fe'“'ﬁ' 17~
(delta- /

iromn

1,100

1,000

m(----“--‘~~
900

austenite
and S
ferrite

emperature (*C)

ferrite

iron} - 05087 15 2 25 3 35 4 45 5§

R carbon content (percent)  X-axis
1

d In general, A — Subcritical temperature,,A lower critical temperature, A- upper
critical temperature, A— Eutectic temperature, /A~ Peritectic temperature and,A -
vly+cementite phase field boundary.

O While heating we denoted as Aéc, Ac, etc.,‘c’ stands for chauffage (French word

which means heatingnd while cooling we denoted as AAr, Ar; etc.,'r’ stands for
refroidissement, (French word) which means cooling. 440
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Critical temperature lines

 The upper — and lower critical temperature lines are shown as single lines
equilibrium conditions and are sometimes indicated\asA ., etc. When the critical line
are actually determined, it is found that they do not occur at the same temperatur

[ The critical line on heating is always higher than the critical line oaling. Therefore, th
upper critical line of a hypo eutectoid steel on heating would be lab®le@nd the sam

under
5

line on coolingA,; The rate of heating and cooling has a definite effect on the tempetature

gap between these lines.

/-

The result: of therma analysi:
of a series of carbon steels wit
an average heating and cooling
rate of 11°F/min are shown in

\figure. j\ :

o

AFinal word...! with infinitely slow
heating and cooling they would
probably occur at exactly the same
temperature.




Properties of L
carbon steels ;:; N
g 10 : 3eo
%E } *#! 7 :
E‘E‘.In-l EEID%
1 >
1 o
'0!: | | CEMEN :::

PEAALITE T
oBHas

CHAIM ANLES LHEAR KHIVES
ATAMPUHGS GLARS A DES BAQACHEL
RIVETS EHAF TS COLD AREAMERS
WIRE TrREL CHESEL 5 442

HAM S SOMEE HAMD TOOLS




Classification of metal alloys

Metal alloys

Technically steels contai
2.1% but aCtua”y in man Ferrous Nonferrous
applications we are usi

carbon limited to 1.2%.
Steals Cast irons

Low alloy Gray Ductile White Malleable Compacted

iron (nodular) iron iron iron graphite iron

High alloy
Low-carbon Medium-carbon High-carbon
Plain High strength, Plain Heat Plain Tood Stainlass
low alloy treatable
[lPIain stands for only Fe-c with out any alloying element ]
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Classification of steels

Based on method of manufacturer

L This gives rise to bessemer steel, open hearth steel, elecnimack steel, crucible ste

etc.

Tl,

Based on method application

L This is generally the final use for the steel, such as machine steel, speiig boiler steel

structural steel, or tool steel.

Based on % of Carbon

 Low carbon alloys - (0.025-0.3)%C
L Medium carbon alloys — (0.3-0.6)%C
 High carbon alloys — (0.6-1.2)%C

Based on Specifications

/These standard specifications
given by different societies, an
they developed different series of
(Fe-c) alloys based on differe
compositions. For each type the

\ _given a standard series number.

AlISI (American Iron and Steel Institute)
SAE (Society of Automotive Engineering
JIS=Japanese Standard
DIN =German Standard

TIS = Thai Standard 444




AlSI —SAE Steel Specification

Series

Steel type

10xx
11xx
12xx
13xXx
23XX
25X
31xXx
33XX
40xX
41 xX
43XX
44xX
92xX

Plain carbon steel

Plain carbon steel (high S, low P)
Plain carbon steel (high S, high P)
Mn-Steel (Mn 1.75%)

Ni-Steel (Ni 3.00%)

Ni-Steel (Ni 5.00%

Ni-Cr Steel (Ni 1.25%, Cr 0.60%)
Ni-Cr Steel (Ni 3.50%, Cr 1.50%)
Molybdenum steel (Mo 0.20 or 0.25)
Chrom — Moly steel (Cr 0.50, 0.80, or 0.95. Mo 00120 or 0.30
No-Cr-Mo steel

Molybdenum 0.53

Silicon steel (Si 2.0%) ...... etc.
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AlSI —SAE Steel Specification

Carbon content/100

% of alloying element
. PR
el S e 20/100 =0.20% C

5% of Nickel
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Iron — Graphite Phase Diagram

The true equilibrium diagram for iron and carbon is gengredinsidered as iror
graphite phase diagrarfnext slide).Earlier we learn about iron-iron carbic
phase diagram and it is not a true equilibrium diagram, gdlyeit is called
metastable iron - iron carbide phase diagram.

Cementite (F¢C) is a metastable compound, and under some circumstan
can be made to dissociate or decompose to form ferrite amdhiggaaccording tg
the reaction

FeC = 3Fe+C

For explain of cast irons we will refers to both Iron-lron loige phase diagram

and Iron-Graphite phase diagram.

Cast irons are a class of ferrous alloys with carbon cont@mbse 2.14 wt%; in
practice, however, most cast irons contain between 3.0 aénav® C and, in
addition, other alloying elements .

The ductility of cast iron is very low and brittle, it canno¢ bolled, drawn, o
worked at room temperature. However they melt readily and lwa cast intc

complicated shapes which are usually machined to final dsio@s. Since

casting is the only suitable process applied to these altbgy are known as ca
Irons. 448
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Temperatur€C —

Iron — Graphite Phase Diagram

0.09 %C

0.651

Fe

% Carbon—
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Metastablg
012 /
\ | 740
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O.i6 0.7 100
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A brief history of cast irons

Cast iron has its earliest origins in china between 700 ar@B&D. until this
period ancient furnaces could not reach sufficiently hegnhperatures.

The use of this newly discovered form of iron varied from denpools to a
complex chain suspension bridge erected approximately[36A

The next significant development in cast iron was the fisst of coke in 173(
by an English founder named Darby.

Due to this revolution, better casts were available for m@aesatile roles, suc
as Jame Watt's first stean engine constructe in 179<

In 1810, Swedish chemist Bergelius, and German physicist®nmgver
discovered that by adding silicon to the furnace, along withap and pigiron
consistently cast iron is produced.

In 1885 Turner added ferrosilicon to white iron to producersgjer gray iror
castings.

In the late 2@ century the major use of cast irons consisted of pipes, thig
containment units, and certain machine or building estiich were necessa
to absorb continuous vibrations.

h
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Classification of cast irons

CAST IRON¢S

White CI

Grey CI Malleabilize

Ductile/Nodular CI <:L{Stress concentratio1

at flake tips avoided

Malleable CI

Compacted Graphite ClI

Alloy CI

Good castability=> C > 2.4%
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White Cast Iron

O O

d

O O

In which all the C is in the combined form asfee(Cementite)

The typical microstructure of white cast ir@see next slide)consisting of dendrite
of transformed austenite (pearlite) in a white interderdnetwork of cementite.

Microstructure— Pearlite + Ledeburite + Cementite

White cast iron contains a relatively large amount of ceme@ts a continuou
iInterdendritic network, it makes the cast iron hard and weaistant bu
extremel brittle anc difficult to machinc.

‘completely white’ cast irons are limited in engineeringopations because ¢
this brittleness and lack of machinability. mainly used inets for cemen
mixers, ball mills and extrusion nozzles.

A large tonnage of white cast iron is used as a starting nahtdéor the
manufacturer of malleable cast iron.

Hardness : 375 to 600 BHN
Tensile strength : 135-480 Mpa, Compressive strength: 1BB25 Mpa

S

S

[ g ol
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Grey Cast Iron

I

This group is one of the most widely used alloys of iron, comtg between 2.%
to 4 percent of carbon with other alloying elements.

In the manufacture of gray cast iron the tendency of cengeftaitseparate intp
graphite and austenite or ferrite is favored by controlladpy additions ang
cooling rates.

These alloys solidify by first forming primary austeniténelinitial appearance of
combined carbon is in the cementite resulting from the é¢wteeaction. With
prope contro of carbor content temperatur anc the prope amoun of
graphitizing elements notably silicon, magnesium ceriurd, alloy will follow
the stable iron — graphite equilibrium diagram.

For most of these cast irons, the graphite exists in the fdrffakes (similar to
corn flakes), which are normally surrounded byocaferrite or pearlite matrix.

Mechanically, gray iron is comparatively weak and brittle tension as a
consequence of its microstructure; the tips of graphitkeBaare sharp and
pointed, and may serve as points of stress concentration amexternal tensile
stress is applied. Strength and ductility are much highdeunompressive loads.

——




Grey Cast Iron

 Gray irons are very effective in damping vibrational energy. Base strucforgs
machines and heavy equipment that are exposed to vibrations are frequently
constructed of this material. In addition, gray irons exhibit a high resistanoeéar.
Furthermore, in the molten state they have a high fluidity at casting temopera
which permits casting pieces having intricate shapes; also, casting sieirk#ow.
Finally, and perhaps most important, gray cast irons are among the leastiegpsns
all metallic materials.

O Gray irons having different type of microstructures, it may be generated by
adjustmer of compositiol and/o by usin¢c ar appropriat hea treatmer. For
example, lowering the silicon content or increasing the cooling rate may préhwent
complete dissociation of cementite to form graphite. Under these ciranoes the
microstructure consists of graphite flakes embedded in a pearlite matrix.

=4

= | —

[Comparison of the relative
vibrational damping capacities
of (a) steel and (b) gray cast

_iron y " @

Yibrational amplitude
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Grey Cast Iron

O Silicon increases fluidity and influences the solidificatof the molten metal and
it decreases Eutectivity i.e., the eutectic compositiorshdted to the left
approximately 0.30% carbon for each 1% silicon, which efety depresses the
temperature at which the alloy begins o solidify.

d Si promotes graphitization. ~ effect asl cooling rate

J As the silicon content is increased, the austenite fieldrebes=s in area, the
eutectoi( carbor conten is lowered anc the eutectoi( transformatio occur: ovel
a broadening range.

 Solidification over a range of temperatures permits thdeatmn and growth o
Graphite flakes

 Change in interfacial energy betwegh & Graphite/L brought about by Si

1 Careful control of the silicon content and cooling rate guieed to graphitize the
eutectic and proeutectoid cementite, but not the eutec®mentite, in order tp
end up with a pearlitic gray iron of high strength.

=1




Grey Cast Iron
Role of Sulfu

 Most commercial gray irons contain between 0.06 and 0.12% sulfur. The effect of
sulfur on the form of carbon is the reverse of silicon. The higher the sulfur content,
the greater will be the combined carbon, thus tending to produce a hard, brittle|white

iron.

Role of Manganes

d Manganese is a carbide stabilizer, tending to increase the amount of comamed,
but it is mucl les< poten thar sulfur. Exces manganes (>1.25%) has little effeci on
solidification and only weakly retards primary graphitization. On eutegtoid
graphitization, however, Mn is strongly carbide stabilizing.

Role of Phosphoru

J Most gray irons contain between 0.10 to 0.90% phosphorus. Most of the ‘P’ combines
with the iron to form iron phosphide (Ef).This iron phosphide forms a ternary
eutectic known asteadite,contains cementite and austenitg (oom temperatur
pearlite).

O Fluidity 1, Primary graphitization and extends the range of eutectic freezing
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Grey Cast Iron

[1[2.4% (for good castability), 3.8 (for OK mechanical propeties)]

< 1.25% - Inhibits graphitization

/ < 0.1% - retards graphitizatiorr; size of Graphite flakes

A FerCS|+ (1VIn P
5 Invarlant lines become Invariant reglons In phassgdanr

_ -

~

1 volume during solidification> better castability

L - y+(Fe,C) - a+FgC+( Fe(Q

Y - Y -
Ledeburite Pearlite

Sit=C

eutectoid
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Grey Cast Iron

-
- \\
\\
~

-
-
-

ok TOR LT S

Pearlite matrix
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Ductile Cast Iron

 Ductile cast iron also called as Nodular cast is9pheroidal graphite cas
iron, and Spherulitic cast iron.

 Graphite nodules instead of flaki@s 2D section)
d Mg, Ce, Cqor other spheroidizing) elements are added

 The elements added to promote spheroidization wa#tcithe solute in
the liquid to form heterogeneous nucleation sites

 The alloying elements are injected into mould befoouring

- It is thought that by the modification of the irfeemal energy the ‘c’ and
‘a’ growth direction are made comparable leadinggdberoidal graphite
morphology

 The graphite phase usually nucleates in the ligoicket created by the
proeutecticy




Ferrite

Ductile Cast Iron

Graphitenodules

'With Pearlitic matrix

461



Ductile Cast Iron

Ferrite(White)

Graphite(black)

Bull's Eye | wi o

Ferrite

........

Pearlite(grey)
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Malleable Cast Iron

J As we discussed earlier that cementite is actually a mdtiesiahase,
There is a tendency for cementite to decompose into iron arfba. This

tendency to form free carbon is the basis for the manufactunealleable
cast iron.

d The reaction of Fe,C= 3Fe + C s favored by elevated temperatures, the
existence of solid nonmetallic impurities, higher carbontents, and the
presence of elements that aid the decomposition g€ Fe

INCrease

White Cast Iron0 [ 1330 [1 - Malleable Cast Ir

Fe,C (WCI) [ ptage T [ Graphite Temper Nodules (Maltge Iron)
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Malleable Cast Iron

* (940-960jC (Above eutectoid temperature)

Stage I— « Competed when all Cementite Graphite

A 4

A: Low T structure (Ferrite + Pearlite + Marten}ite (y + Cementite)

B: Graphite nucleation gtCementite interface
(rate of nucleation increased by C, Si)
(Si / solubility of C iny= 7 driving force
for growth of Graphite

A 4

A 4

C. Cementite dissolves C joining growing Graphite plate

AL~

S

Spacing between Cementite and Graphite
/ spacing= ¢/ time (obtained by faster cooling of liquid)

Time for Addition of Alloying elements
Graphitization — Which increase the nucleation rate of Graphite temper nodules
in Stage |
Sit =>t!



Malleable Cast Iron

 (720-730jC (Below eutectoid temperature)
 After complete graphitization in Stage-l Further Graphitization

Stage Il

1 Slow cool to the lower temperature such thatoes not form Cementit

- C diffuses througly to Graphite temper nodules
(calledFerritizing Annead)

- Full Anneal in Ferrite + Graphite two phase re

 Partial Anneal(Insufficient time in Stage Il Graphitization)

y — Ferrite is partial and the remainiggransforms to Pearlite
= Y — Pearlite + Ferrite + Graphite

- If quench after Staged> y -~ Martensite(+ Retained Austenite(RA))
(Graphite temper nodules are present in a matrikaftensite and RA

g
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Malleable Cast Iron

Peatrlitic Matrix Ferrite(White)

Graphite(black)

Pearlite(grey)

i 0 A AT e
Partially Malleabilized Iron
= Incomplete Ferritizing Anneal

Ferrite(White)

Graphite(black)

Fully Malleabilized Iron
— Complete Ferritizing Anneal
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Compacted Graphite Cast Iron

A relatively recent addition to the family of cast irons gempacted graphite
(CGI).

 Micro structurally, the graphite in CGI alloys has a wortkeli(or vermicular)
shape; a typical CGI microstructure. In a sense, this miarosire is
iIntermediate between that of gray iron and ductile iron amdact, some of the
graphite (less than 20%) may be as nodules.

| =4

 The chemistries of CGls are more complex than for the othst ican types;
composition of Mg, Ce anc othel additive: mus be controllec sc as to product a
microstructure that consists of the worm-like graphiteipkas, while at the same
time limiting the degree of graphite nodularity, and pretuam the formation of
graphite flakes. Furthermore, depending on heat treatrttemimatrix phase will
be pearlite and/or ferrite.

 CGlI are now being used in a number of important applicatiofizese include;
diesel engine blocks, exhaust manifolds, gearbox houshrg&e discs for high
speed trains and flywheels.
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Compacted Graphite Cast Iron

Vermicular shapeSyu SN
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Alloy Cast Iron

d Cr, Mn, Si, Ni, Al
1 the range of microstructures

] Beneficial effect on many properties
» 1 high temperature oxidation resistance
» 1 COrrosion resistance in acidic environments
» 1 wear/abaration resistance

Graphite free

Alloy Cast Irons

Graphite bearing

\L—4
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Chromium addition (12- 35 wt %)

= Excellent resistance to oxidation at high tempeestu
= High Cr Cast Irons are of 3 types:
d 12-28 % Cr» matrix of Martensite + dispersed carbide

4 15-30 % Cr + 10-15 % N» stabley+ carbides [(Cr,Fg)C,, (Cr,Fe)C,]
Ni stabilizes Austenite structt ™,

‘j‘\‘\’ “‘\L‘k'{af '“ '“‘- l‘“J

¥ "i hS
JJ‘ \a'r -.:s_\
s t » l '
\ L S 3
. ) oL MY
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Nickel Hard Cast Iron

] Stabilizes Austenitic structure

O 1 Graphitization(suppresses the formation of carbides)
 (Cr counteracts this tendency of Ni for graphitiza}

1 | Carbon content in Eutectic

d Moves nose of TTT diagram to higher timeseasy formation of Martensite

Good abrasion resistance

Needles of Martensite

Transformation sequence

» Crystallization of primary

» Eutectic liquid— y + alloy carbide
» Yy —» Martensite
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Nickel Resist Cast Iron

-

~~

—‘——
__________________________________

Graphite plates ¥,

Dendrites ofy
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Silicon (Silal) Cast Iron

473



Some other types...!

Chilled Cast Iron

O Chilled —iron castings are made by casting the molten metairsst a meta
chiller, resulting in a surface of white cast iron. This hambrasion-resistant
white iron surface or case is backed up by a softer gray iromeco

O This case-core structure is obtained by careful control loé toverall alloy
composition and adjustment of the cooling rate.

Mottled Cast Iron

O Solidifying at a rate with extremes between those for ahified gray irons, thu:
exhibiting micro structural and metallurgical charactstics of both

High-Alloy Graphitic Irons

 Produced with microstructures consisting of both flake arwdlule structures.
Mainly utilized for applications requiring a combinatiorf digh strength anc
corrosion resistance.
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=
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Commercial cast iron range —-| —-— FayC G
¥ Mg/Ca |
e,
.. ot \
Fast cool Modarate Slow cool Moderata Stow cool
P4FesC P+ Gy e + G P+ Gy a4+ Gy

\

White \ Pearlitic gray Ferritic gray Pearlitic Farritic
cast ron cast iron cask iron ductile ductile

Reheat: hold at cast iron cast iron

~700°C for 30 + h

N\

Slow coal

a + Gy _ _ \
\ - Graphite flake - G

Graphite nodules - G
Graphite rosettes - G

FPaarlitic Ferritic
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Definition of Heat treatment

C;tment IS an ope:m

combination of operations involving
heatin¢ al a specific rate soaking al
a temperatur for a perioc of time
and cooling at some specified rate.
The aim is to obtain a desired
microstructure to achieve certain

\mdimned pmperteJ
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Objectives of Heat Treatment Processes

d

To increase strength, hardness and wear resistamg& (hardening, surfac
hardening

To increase ductility and softnesBefmpering, Recrystallization Annealing
To increase toughnes$dmpering, Recrystallization annealing

To obtain fine grain size Recrystallization annealing, Full annealin
Normalizing

To remove internal stresses induced by differential defdion by cold working
nor-uniform coolinc from high temperatur durinc castin¢ anc weldinc (Stres
relief annealing

To improve machinabilityFull annealing and Normalizing
To improve cutting properties of tool steeldqrdening and Tempering

<

9,

To improve surface propertiesyrface hardening, high temperature resistance-

precipitation hardening, surface treatmént
To improve electrical propertie®gcrystallization, Tempering, Age hardening
To improve magnetic propertieslardening, Phase transformatipn




Classification

| HEAT TREATMENT |

BULK SURFACE
Annealing Tempering
Normalizing Hardening Thermal = Thermo-Chemical
Full Annealing Martempering| Induction Carburizing
| Recrystallization Annealing Austemperin | Laser Nitriding
| Stress Relief Annealing | Electron Beam Cyaniding]

| Spheroidization Annealing

L4
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Annealing

Full Annealing

—

d The steel is heated aboye (for hypo-eutectoid steels)y, (for hyper-eutectoic
steels)—(hold) —»then the steel is furnace cooled to obtain Coarse Pearlite

O Coarse Pearlite hgsHardness?] Ductility

J Not aboveA_,, —to avoid a continuous network of proeutectoid cementite@|o
grain boundaries{path for crack propagation)

910°C

Full Annealing

723°C :
Spheroidization A

Recrystallization Annealing
Stress Relief Annealing

0.8 % 480
Wit% C



Annealing

Recrystallization Annealing

d The Heat belowA; — Sufficient time— Recrystallization

T

Cold worked grains> New stress free graing

O Used in between processing steps (e.g. Sheet Rolling)

910°C

Full Annealing

723°C .
Spheroidization A,

Recrystallization Annealing
Stress Relief Annealing

|
0.8%
Wit% C
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Annealing

Stress Relief Annealing

Residual stresses Heat belowA,

Differential cooling

Martensite formatio

— Machining and cold working

(L4

— Welding

910°C

723°C

Annihilation of dislocations
polygonization

Full Annealing

Spheroidization A
Recrystallization Annealing
Stress Relief Annealing

0.8 %
Wi% C
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Annealing

Spheroidization Annealing

Heat below/abovA , (Prolonged holding*)
Cementite plates> Cementite spheroids 1 Ductility

Used in high carbon steel requiring extensive machining prior to final hardening
tempering

Driving force is the reduction in interfacial energy

The spheroidized structure is desirable when minimum hessin maximun
ductility, or(in high-carbon steels) maximum machinaiils important.

Low-carbon steels are seldom spheroidized for machiniregabse in the
spheroidized condition they are excessively soft and “gytnm

Medium-carbon steels are sometimes spheroidization é#&theto obtain
maximum ductility.

—

*If the steel is kept too long at the spheroidized-annealing temperature niemtite particles will coalesce and become elongated
thus reducing machinability 483
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Normalizing

Heat abové\, | A_,— Austenization— Air cooling— Fine Pearlite (Higher hardness)

Refine grain structure prior to hardening

Full Annealing

Spheroidization A

y

Purposes

To harden the steel slightly

Recrystallization Annealing

Stress Relief Annealing

To reduce segregation in casting or forgings

|
0.8 %

Wt% C

O In hypo-eutectoid steels normalizing is done°G0above the annealing
temperature

4 In hyper-eutectoid steels normalizing done abovge A> due to faster cooling
cementite does not form a continuous film along GB
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Ranges of temperature where Annealing, Normalizing and Spheroidization

treatment are carried out for hypo- and hyper-eutectoid steels.

910°C

7123C

Temperature—

Spheroidization | Stress Relief Annealing

—

I
¥

Recrystallization Annealing

[
|
|
I

0.8 %
Wt % Carbon— 485




Hardening

Heat abové\, | A_,,— Austenization— Quench (higher than critical cooling rat

2)

d

Under slow cooling rates, the carbon atoms are able to eiffus of the austenit
structure and it leads to gamma to alpha transformation s plocess involve
nucleation and growth and it is time dependent.

With a still further increase in cooling rate, insufficietiine is allowed for the
carbon to diffuse out of solution, and although some movérottine iron atoms

take: place the structurc canno becom: B.C.C. while the carbor is trapper in
solution.

The resultant structure is calleldlartensite,is a supersaturated solid solution

carbon trapped in a body-centered tetragonal structure &nid a metastable

phase.

The highly distorted lattice structure is the prime reasartlie high hardness ¢
martensite.

After drastic cooling, martensite appears microscopicadl a white needlelike ¢
acicular structure or lenticular, sometimes describedlapstraw.

e
S

L4

of

| ™4




Characteristics of Martensite

[ Shape of the Martensite formedLenticular (or thin parallel plates)
O Associated with shape change (shear)
[ This condition requires:
1) Bain distortion— Expansion or contraction of the lattice alongaiert
crystallographic directions leading to homogenaw® mlilation
2) Secondary Shear DistortienSlip or twinning
3) Rigid Body rotation

’ . Martensite

Invariant planc ! ] :
in austenite e | L. - habit plane Surfuce Deformalions

[lustration of the coherence of the mertensitic plate
with the surrounding austenite
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Characteristics of Martensite

 Martensitic transformation can be understood by first consideringexnate unit cell
for the Austenite phase as shown in the figure below.

O If there is no carbon in the Austenite (as in the schematic belosy) the Martensitic
transformation can be understood as2@%contraction along the c-axis and-82%
expansion of the a-axis accompanied by no volume change and the resultant structure
has a BCC lattice (the usual BCC-Fe)c/a ratio of 1.0

y (FCC) o @uepsh_ a'(BCT)

0.8%C 0.8%C

_ _ In Pure Fe afte

FCC Austenite alternate choice of Cqll the Martensitic transformatioh
: \ i c=a

A Body Centred retragonal Cell :
@ i“l @ ///——‘!‘-~\\
L @ ,
/ @3 N

, 7 \\\
4 \
II \\
FCC— BC> . I !
o . e \ a )
a e ™Y \ /
N - R { ’

d

p . (',l'/:.'\'llé ) . .
o a ® ® ~20% contraction oct-ams}

~12% expansion ai-axis




Characteristics of Martensite

O In the presence of Carbon in the octahedral voids of CCP (REE® (as in the schemat
below) — the contraction along the c-axis is impeded by the carbon at(ivase that only g
fraction of the octahedral voids are filled with carbon as the percentage of C in Feall)sm

d However the aand g axis can expand freely. This leads to a product withratio (c'/a’) >1
O In this case there is an overall increase in volume4B%(depends on the carbon content)
the Bain distortiort.

Bain distortion _
C along the -axis

, .
. . O{/(% obstructs Ehe contraction
o * . T I C{n’hon — | e _- -7 AC
. ! . . ! o ] 65 c 4
. o . » 1 - L] \
; ° — gt
£ - . - . | . — T = —s-
o * as 2g *af€<a/—m\=2 o, T4 T ma,
Tetragonal

Austenite to Martensite> ~4.3 % volume increase )
Martensite

* Homogenous dilation of the lattice (expansion/contraction along crystallographicleadiig to the formation of a new lattice js;called
Bain distortion. This involves minimum atomic movements.



Microstructures of Martensite

Mag= 415K X

EHT=15.00 kV
Photo No. = 6650

\ \
g T AT : . = . & y . ¥ £ : -
et rd &% + ‘ ~

Fe-0.6%C steel Fe, C 0.8 (Wt%
Martensite plates Martensite plates
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Characteristics of Martensite

U O

The Martensitic transformation occurs without compositibhange

The transformation occurs by shear without need for diffisand is callec
diffusion less transformation

The atomic movementsliiearing)required are only a fraction of the inter aton
spacing

The shear changes the shape of the transformingreg
— results in considerable amount of shear en
— plate-like shape of Martensite

The amount of martensite formed is a function of the tempegeato which the
sample is quenched and not of time

Hardness of martensite is a function of the cadmrient
— but high hardness steel is very brittle as maitensbrittle

Steel is reheated to increase its ductility
— this process is calleBEMPERING

niC
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Characteristics of Martensi}te
60 -
M, 1 |
4 ©
)
S 9 40- Hardness of Martensite as a
© 2 function of Carbon content
S =B
= )
2  20-
Mf ] | |
0 % Martensite— 10C 0.2 0.4 0.6
Martensite start M, andMartensite finish M, % Carbon—
Properties of 0.8% C steel
Constituent Hardness (R | Tensile strength (MN / &)
Coarse pearlite 16 710
Fine pearlite 30 990
Bainite 45 1470
Martensite 65 -
Martensite tempered at 250 55 1990 492
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Characteristics of Martensite

095 190 285 3.80 4.75 5.70 6.65

a — parameter of fcc austenite

c — parameter of bct martensite

a — parameter of bct martensite
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Influence of carbon on the
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Characteristics of Martensite

O The martensite transformation, for many years, was balidgebe unique for
steel. However, in recent years, this martensite type ofsfoamation has begn
found in a number of other alloy systems, such as iron-njat@per-zinc, and
copper-aluminum.

 The basic purpose of hardening is to produce a fully martienstructure, and
the minimum cooling rate ( per second) that will avoid thenfation of any of
the softer products of transformation is known asdahtcal cooling rate

 The critical coolinc rate determine by chemica compositiol anc austeniti
grain size, is an important property of a steel since it iaths how fast a steel
must be cooled in order to form only martensite




Time-Temperature-Transformation
(TTT) Diagrams

Davenport and Bain were the first to develop the TTT diagréeutectoid steel.
They determined pearlite and bainite portions whereas Kddter modified
and included Mand M-temperatures for martensite.

There are number of methods used to determine TTT diagrahes.niost
popular method is salt bath techniques combined with noggabhy and
hardness measurement with addition of this we have othémiguaes like
dilatometry electrica resistivity method magnetic permeability in situ
diffraction techniques (X-ray, neutron), acoustic enussi thermal
measurement techniques, density measurement technigdetharmodynami
predictions.

TTT diagrams, also called as Isotherm@n(perature constanfjransformation
diagrams.

TTT diagrams give the kinetics of isothermal transformadio
For every composition of steel we should draw a different Qiagram.

\J
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Equipments for determination of TTT Diagrams

_ Salt bath | " . Saft bath Il
Austenitisatiorheattreatmer . Low-temperature foisothermat

Sample and fixtures
for dilatometric measurements B e ——FHre

—~— s
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Determination of TTT diagram for eutectoid stee

O For the determination of isothermal transformation (or)TTdiagrams, we
considemolten salt bath technigueombined with metallography and hardngss
measurements.

 In molten salt bath techniguevo salt baths and one water bath are used. |Salt
bath | is maintained at austenising temperature (780°C dtrotoid steel). Salt
bath Il is maintained at specified temperature at which sfi@mation is to be
determined (below 4), typically 700-250°C for eutectoid steel. Bath Il which
IS a cold wate! batl is maintainerat roon temperatur.

4 In bath | number of samples are austenite at20-40°C for eutectoid, &20-
40°C for hypo-eutectoid steel and-A+20-40°C for hyper-eutectoid steels for
about an hour.

O Then samples are removed from bath | and put in bath Il and eaehs kept
for different specified period of time say,tt,, t3, t4..ccccnnnnnn. i etc. After
specified times, the samples are removed and guenched dhveater. The
microstructure of each sample is studied using metalldacaiechniques. The
type, as well as quantity of phases, is determined on eacplsam




Determination of TTT diagram for eutectoid steel

Specimen with

wire handle
1 ]
/
////
Salt bath Salt bath Cold water
at temperature at temperature quench bath
above 723 C below 723 C room temperature

The kinetics of isothermal austenitic transformation

Simple experimental arrangement for determinir‘g

€6h
23h
21 h
18h
6h
Mol ten 0¢ [ | Cold
salt .
3 lelolalsleln] @@@ww
1300°F ‘ L'— 10041004 — ‘
954 +5F =95M 15
—"—?5d+25F-—'—*’T5H+5F
—— 504+ 50~ =504 + 50~—
—— 254+ 75P ~25M+T75°

100~°

=100/~

The progress of austenite transformation
A-austenite, P-pearlite, M-martensite

Temperature “C

1200

1000

800

700

300

100 { )
¥ - ?5 E A -. .I"._
= | !
g : % l"\
_2OF
5 ‘*
525
S B — e
i 10

122
Time-hour, log scale

TTT curve of austenite to pearlite for ﬁ?éb Ste

T T T T T T T
1148°
| Austenite
First
sk Batly \ Austenite + cementite
. T2
| —
2 T
Ferrite Second !
T salt bath : 7]
|
_ Ferrite +:cement|te =]
|
L1, | =
|
I | I I | | | | | |
0 02 04 06 OB 10 1.2 14 16 18 20 22
Weight percent carbon
Eutectoid section of the irc- carbon diagral
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% of pearlite

Temperature

Determination of TIT diagram for eutectoid steel

100

——

—

_——_

Metastable austenite +martensite

MF, Martensite finish temperature

Martensite

Log time

v'At T,, incubation
period for pearlite=t
Pearlite finish time St

v'"Minimum incubation
period § at the nose of
the TTT diagram

Important points to be
noted:

v The x-axis is log scale.
‘Nose’ of the ‘C’ curve is
in ~sec and just below
T transformation times
may be ~day.

v ' The starting phase
(left of the C curve) has
tovy.

v" To the right of finish C
curve is ¢+ FeC) phase
field. This phase field

has more labels included.
199



Isothermal Transformation diagram for eutectoid steel

Important points to be
noted:

v The x-axis is log
scale. ‘Nose’ of the
‘C’ curve is in ~sec
and just below T¢
transformation times
may be ~day.

v The starting phase
(left of the C curve
has toy.

v To the right of
finish C curve is {+

FesC) phase field.
This phase field has
more labels included.

293 Eutectoid temperature

JAustenite

— mmm
— wmm
—__—
——

Pearlite + Bainite

Bainite

M

S

M;

h |

0.1 1 10  10?
t (s) —



Possible phases in TTT diagram for eutectoid steel

Ael

Temperature

— s . -
_———_-
—
= =
—

Coarse Pearlitg

3 o finish Medium Pearlite

Fine Pearlite (F.

~
~.
~
~
~
~o
~

X
~~~~~~ \%> 50% F.P + 50% U.B |]
. »
~~~~~~ »
~~~~~~~~ Upper bainite (U.B
%

= 50% Transformation

e ) .
N, ”?@6 Lower bainite

Metastable austenite +martensite

Mg, Martensite finish temperature

Martensite R/C 64

R/C 15
p R/C 30

b) R/C 40

R/C40

R/C 60

Log time

501
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Isothermal Transformation diagram for eutectoid steel

[ As pointed out before one of the important utilities of theTTdiagrams come
from the overlay of micro-constituents (microstructureshe diagram.

4 Depending on the T, the{ Fe,C) phase field is labeled with micro-constitue
like Pearlite, Bainite.

d The time taken to 1% transformation to, say pearlite or Ibairs considered g

transformation start time and for 99% transformation repnés transformatio
finish.

dWe had seen that TTT diagrams are drawn by instantaneousclyuena
temperatur followed by isotherme hold.

O Suppose we quench below (~225°C, below the temperatureechdvk), then
Austenite transforms via a diffusionless transformafionolving shear) to a (hard
phase known as Martensite. Below a temperature marketthistransformation t
Martensite is complete. Ongas exhausted it cannot transform to« Fe,C).
O Hence, we have a new phase field for Martensite. The fraatfoMartensite
formed is not a function of the time of hold, but the tempematto which we
guench (between Band M).
O Strictly speaking cooling curves (including finite quemanrates) should not b
overlaid on TTT diagramgemember that TTT diagrams are drawn for isothert
holds!).

S

Nts

n

N

A4

e
mal




Isothermal Transformation diagram for eutectoid steel

v Isothermal hold at: (i)
T1 gives us Pearlite, (ii
T2 gives Pearlite+Bainite,
(iif) T3 gives Bainite.Note
that Pearlite and Bainite
are botha+Fe;C (but their
morphologies are
different).

v'To produce Martensite
we should quench at a rate
sucl as to avoic the nose
of the start ‘C’ curve.
Called the critical cooling
rate.

v If we quench between
Ms and M we will get a
mixture of Martensite and
Y (called retained
Austenite).

Not an isothermal
transformation

723

Eutectoid temperature

Eutectoid steel (0.8%C)

Joustenite

T1

T2

13

Temperature—

Martensite

/ | |

10 102
t (s) —



Isothermal Transformation diagram for eutectoid steel

$

)

g7

N a + Fe,C
s

&

Y — Bainite
>

log (time) —»

In principle two curves exist for Pearlitic and Bi#ic transformations

— they are usually not resolved in plain C steg

™~
=7

(In alloy steels they can be distin

504
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11T diagram for Hypo eutectoid steel

4 In hypo- (and hyper-) eutectoid steels (say compositigntiizre is one more branch to tl

‘C’ curve-NP (next slide: marked in red).

4 The part of the curve lying between Bnd Tz (marked in fig : rext slidg is clear, becaus
in this range of temperatures we expect only pro-eutectoido form and the fina

microstructure will consist of andy. (E.g. if

we cool to Tand hold).

ne

e

d The part of the curve belowglis a bit of
a ‘mystery’ (since we are instantaneous

cooling to below [, we should get a mix of

a+ Fe;C —>what is the meaning of a ‘pro’
eutectoic phast in a TTT diagram”
(remember ‘pro-'implies ‘pre-")

U Suppose we quench instantaneously
hypo-eutectoid composition ;o T, we
should expect the formation ef+Fe,C (and
not pro-eutectoid first).

U The reason we see the formation of p
eutectoid o first is that the undercoolin
w.r.t to A, is more than the undercoolin

w.rt to A;. Hence, there is a higher 0.0

propensity for the formation of prg

eutectoido.

Schematic: not to scale

undercooling wrt A, wW.r.t

] (formation of pro-eutectoid) |

an

lI
|

/r
O
o

o |

undercooling wrt A line
- |' (formation ofa+ Fe,C)

Cy

-
S

0.008 0.8

o+Fe,C

%C -
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} T1T diaaram for HZEO eutectoid steel

lemperature (°C)—

200
100 1sec 1 min 1 hr 1 day
0 1 10 102 10° 10° 10

| | ] | I I '
Time (sec) —» 506




111 diagram for Hyper eutectoid steel

d Similar to the hypo-eutectoid case, hyper-eutectoid compositighsZe ay+Fe,C branch.
4 For a temperature between and T: (say T, (not melting point- just a label)) we land v
with y+Fe,C.

4 For a temperature below:T(but above the nose of the ‘C’ curve) (say),Tfirst we have the
formation of pro-eutectoid K€ followed by the formation of eutectoid-Fe,C.

P

900

800
700

600j

500

400

300

Temperature (°C) —»

o+Fe,C
l ' 200

. 0.025 100
0.008 0.8 04 —

Time (sec) —»



Transformation to Pearlite

O The transformation product above the nose region is pearlihe pearlite
microstructure is the characteristic lamellar structuralternate layers of ferrite

and cementite.

O As the transformation temperature decreases, the chastictamellar structuré
IS maintained, but the spacing between the ferrite and darlayers becomes
increasingly smaller until the separate layers cannot belved with the light

microscope.

O As the temperatur of transformatio anc the finenes of the pearlite decrease

it is apparent that the hardness will increase.

v

U

Mobile 12

boundaries
[

Cementite

lamellae

T

7

Immobile boundaries

12

Mobile Cementite
boundaries lamellae
N ]
o o ———
srefallelleffar,

g Grain boundary
cementite layer

T
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Transformation to Pearlite

\%? j —
Ay . X

Initial Fe,C nucleus Fe,C pla1fe full grown, a-Fe plates are now grown
a-Fe is nucleus new FgC plates nucleated
New Fe 3C Average. qrovyth
/* nucleus direction
= y— o+ FeC ;

h #
h
Y

new FgC plates nucleated
on different orientation New colony of advanced stage of growth

J Nucleation and growth

] Heterogeneous nucleation at grain boundaries
- Interlamellar spacing is a function of the tempam@tof transformation
J Lower temperature~ finer spacing— higher hardness
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Pearlitic structure

Austenite grain
boundary

Austenite
()

Austenite

“

Cementite

Growth direction
(FesC)

of pearlite

Carbon diffusion

Schematic representation of the formation of pearlite from
austenite; direction of carbon diffusion indicated by arro ws

.__'_'Z. =

Iite



Transformation to Bainite

O In between the nose region of approximately 510°C and théekiperature, a new,
dark-etching aggregate of ferrite and cementite appears. This structaned redter
E.C.Bain, is called bainite.

At upper temperatures of the transformation range, it resembles pearlite lamalvn
as upper or feathery bainite. At low temperatures it appears as a black needlel
structure resembling martensite and is known as lower or acicular banite.

e
# 'rl
« B2

1% ‘ ..-w '..

! - W ' 1 | . - :‘ _‘.- : \ lf"'.-".;_ r . - il
511
Upper or Feathery bainit Lower or AC|cuIar bainite



Transformation to Bainite

Bainite formed at 34 C

y— o + FgC”

Bainite formed at 27°C

[ Pearlite is nucleated by a carbide crystal, bainite is nucleated bsrite ferystal, anc

this results in a different growth pattern.
) Acicular, accompanied by surface distortions

O ** Lower temperature— carbide could be carbide (hexagonal structure, 8.4% C)

] Bainite plates have irrational habit planes

[ Ferrite in Bainite plates possess different orientation relationgigtive to the parer

Austenite than does the Ferrite in Pearlite

512
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Microstructures In a eutectoid steel

Pearlite formed a
720°C

Bainite obtained
by isothermal

transformation at
29C°C

Bainite obtained
by isothermal
transformation at
180°C

Martensite
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Cooling curves and the I-T diagram

Al Austenite (stable)
\“7\\,
x a
o\ %
\ o7
\ ‘
“. ’ X* 4
1
1
g W, S
g | s
)
o \ N
! S
E | ~
1 ~
I | — s X
S S~
\\ Snae
R ~\‘~\
Austenite 6 5 \, N
(Unstable N
NSNS VL Y ;NS WS D e o
R W e
6
Time, log scale
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Cooling curves and the |-T diagram

Curve 1

Cooling curve 1 shows a very slow cooling rate typical of conventional amge
transformation will start at x ends at x7 and there is a slight temperature difference
temperature between the beginning and end of transformation, there willligiatadsfference

ali

in the fineness of pearlite formed at the beginning and at the end.

Curve 2

Cooling curve 2 shows ‘isothermal’ cooling and was developed directly from tltkaldram.
The proces is carriec out by coolinc the materia rapidly from above the critical range to a
predetermined temperature in the upper portion of the I-T diagram and holding fantée
indicate to produce complete transformation. In contrast to conventional amgetlis

19 %

treatment produces a more uniform microstructure and hardness.

Curve 3

Cooling curve 3 is a faster cooling rate than annealing and may be considgiedl tgf
normalizing. The diagram indicates that transformation will start;awith the formation of
coarse pearlite, and ends at;xwith the formation of medium pearlite. Here, we are clex:
observing the temperature difference betwegnxt;and x - x*,, so that microstructure wi
show a greater variation in fineness of pearlite.

Arly




Cooling curves and the |-T diagram

Curve 4

Cooling curve 4, typical of a slow oil quench, is similar to the one just descrilbedl,tlze
microstructure will be a mixture of medium and fine peatrlite.

Curve 5

Cooling curve 5, typical of an intermediate cooling rate, will start am$sform at X to fine
pearlite in a relative short time. After some temperature, the coolingecig going in a
direction of decreasing percent transformed. Since pearlite cannot forendestn cooling
the transformatio mus stof al x*; The microstructur ai this point will consists fine pearlite
surrounding with austenitic grains. It will remain in this condition until Meline is crossec
x** = The remaining austenite now transforms to martensite. The final miaobste consists
martensite and fine nodular pearlite largely concentrated along thenalrigustenite grail

boundaries.

Curve 6

Cooling curve 6, typical of drastic quench, is rapid enough to avoid transformatibe nose
region. It remains austenitic until the Nhe is reached atxTransformation to martensite w
take place between theMnd M: lines. The final microstructure will be entirely martensite

of

high hardness.

cC1c
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Cooling curves and the |-T diagram

Curve 7

Cooling curve 7, which is tangent to the nose, would be the approximate criticahgaate
(CCR) for the steel. Any cooling rate slower than the one indicated willr@iturve above th
nose and form some softer transformation product. Any cooling rate faster hieaonie
illustrated will form only martensite. To obtain a fully Martensistructure it is necessary |
avoid transformation in the nose region.

S

[0

Curve 8

It is possibli to form 10C % pearlite or 10(% martensit by continuou cooling but it is not
possible to form 100% bainite. A complete bainitic structure may be formedmnbkooling
rapidly enough to miss the nose of the curve and then holding in the temperatuse at

which bainite is formed until transformation is complete. This igsitated by cooling curve 8.

It is apparent that continuously cooled steel samples will contain onlyl sanabunts of
bainite, and this is probably the reason why this structure was not recognizgdhen
isothermal studly.

ing
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Factors affecting on TTT diagram

<+ Composition of steel
carbon wt%,
alloying element wt%
% Grain size of austenite

< Heterogeneity of austenite

Composition

O With some limitations, an increase in carbon or alloy content or in gram i the
austenite always retards transformatiano{es curves to the rightat least aj
temperatures at or above the nose region. This in turn slows up the criticaig
rate, making is easier to form martensite.

O This retardation is also reflected in the greater hardenability, or degilenetration
of hardness, of steel with higher alloy content or larger austenitic grain size.

[
poli
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|.T diagram of a 1035 steel

B Austenile A
800 —'f:iL___H___._q.l—a = - - ey . — —
1400 = -t : ,
ol By — Am'rm:-l: ond ferrite 1 1 _______]
700 |- - e I— e, Ct 7
‘_-l-'-'-'-.'}’.- | m——
1200 pef——s e 12
s
600 L |~ 425
E’ Ferrite and caorbide
I B
s g o 000 = Rustente, 2 o
=500 F w» ferrite ond >
E 2 [ corbede s \ 2T &
= = *a ]
a = BOD P 2y 35 @
E
7)1 Y . i A e —
50% mortensite on quenching fo this temperature
600 46
300 + 99 % martensite on quenching lo this temperature
B 447
200 | 400
100 200
i | 15 30 1 10 1452
min min man hour hour ﬂ
0 & L I.]I.II“ L ' I]lll.
] 1] 100 1000 Q000 10G000

Time, seconds

This is a hypo-eutectoid steel, notice the presence of teeaite to ferrite region. The nose of the curve is
not visible, indicating that it is very difficult to cool thisteel fast enough to obtain only martensite. The
microstructure of a low carbon steel water quenched showahite ferrite network surrounding the gray
low carbon martensite areas. 519



|.T diagram of a 1050 steel
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The microstructure of a medium carbon steel water quendtenlys dark areas of fine pearlite that seem
to outline some of the previous austenite grain boundas@sie dark feathery bainite, and substantially
more martensite as the matrix than appeared in the low cateah 220



|.T diagram of a 1335 steel
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Alloy additions tend in general to delay the start of transformationtandcrease the time for
its completion, they differ greatly in both magnitude and nature of thesicest Above diagram
shows the 1335 manganese steel. o



Heterogeneity of austenite

(J Heterogenous austenite increases transformation tingeyagtart to finish o

ferritic, pearlitic and bainitic range as well as increasks transformatiol
temperature range in case of martensitic transformatiom dainitic
transformation. Undissolved cementite, carbides act aggdal inocculant for
pearlite transformation. Therefeore heterogeneity inteau® increases th
transformation time range in diffussional transformataoml temperature rang

— LAl

e

of shear transformation products in TTT diagram.
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Continuous Cooling Transformation diagrams

O The TTT diagrams are also called Isothermal Transformddimgrams, becaus
the transformation times are representative of isothehuokl treatment (following
a instantaneous quench).

O In practical situations we follow heat treatments (T-t @aares/cycles) in whic
(typically) there are steps involving cooling of the samglke cooling rate may @
may not be constant. The rate of cooling may be slow (as in rmafig which ha:
been switch off) or rapid (like quenching in water).

O Hence, in terms of practical utility TTT curves have a litita and we need ft
draw separat diagram callec Continuou Coolinc Transformatio diagram
(CCT), wherein transformation times (also: products & mstructure) are note
using constant rate cooling treatments. A diagram drawrafgiven cooling raté
(dT/dt) is typically used for a range of cooling rates (thusiding the need for
separate diagram for every cooling rate).

O However, often TTT diagrams are also used for constant mgoliate
experiments- keeping in view the assumptions & approxiomgtinvolved.

O The CCT diagram for eutectoid steel is considered next.

O Important difference between the CCT & TTT transformatisrthat in the CCT|

case Bainite cannot form.




Determination of CCT diagram for eutectoid steel

O CCT diagramsare determined by measuring some physical properties glurin
continuous cooling. Normally these are specific volume amégnetic
permeability. However, the majority of the work has beenalttmough specifi¢
volume change by dilatometric method. This method is supelded by
metallography and hardness measurement.

O In dilatometry the test sample is austenitised in a spgatkdkigned furnace and
then controlled cooled. Sample dilation is measured by dalge/senso
Slowest cooling is controlled by furnace cooling but higheoling rate can b
controllec by gas quenchin

b 5
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Determination of CCT diagram for eutectoid steel

 Cooling data are plotted as temperature versus time (Fi@uiition is recorde
against temperature (Fig. b). Any slope change indicateselransformation.
Fraction of transformation roughly can be calculated basethe dilation dat

as explained below.

T *
’
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/, a
,4
4
) T Y
5 \
4('_5‘ c Y‘ <7Db
— O /
Q S /
3 v g :
L A d 1z
\
I I Te Ts
Temperature —

Time
Fig. b : Dilation-temperature plot

Fig. a : Schematic cooling curves -
9 9 for a cooling curve
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Determination of CCT diagram for eutectoid steel

In Fig. a curves | to V indicate cooling curves at higher cooling raddadwer
cooling rate respectivel\tig. b gives the dilation at different temperatures fo
given cooling rate/schedule.

In general slope of dilation curve remains unchanged whileunt of phase o
the relative amount of phases in a phase mixture does nogehduring cooling
(or heating) however sample shrink or expand i.e. dilatekes$ place purely du
to thermal specific volume change because of change in t&tywe.

Therefore inFig. b dilation from a to b is due to specific volume change of hi

temperatur phas: austenit. But al T¢ slope of the curve change. Therefor
transformation starts atsTAgain slope of the curve from c to d is constant bu

different from the slope of the curve from a to b. This indesatthere is no phase

transformation between the temperature from c to d but tles@phase mixtur,
Is different from the phase at ato b.

Slope of the dilation curve from b to c is variable with tenadare. This indicate
the change in relative amount of phase due to cooling. Tharestpn is due to th
formation of low density phase(s). Some part of dilationampensated by pure
thermal change due to cooling. Therefore dilation curvesatomplex shape. |
first slope reduces and reaches to a minimum value and thapasges to th
characteristic value of the phase mixture at c.




Determination of CCT diagram for eutectoid steel

d Therefore phase transformation start at b i.e. at temperaliy and
transformation ends or finishes at c or temperature The nature of
transformation has to be determined by metallography. Wdestienite fully
transforms to a single product then amount of transformatics directly
proportional to the relative change in length. For a mixtofeproducts the
percentage of austenite transformed may not be strictlpgrtmnal to change in
length, however, it is reasonable and generally is beind.use

O Cumulative percentage of transformation at in between &atpre T Is equal
to YZ/XZ* 10C where X, Y anc Z are intersectiol point of temperatur T line to
extended constant slope curve of austenite (ba), tranat@mcurve (bc) and
extended constant slope curve of low temperature phaseqspictively.

d So at each cooling rate transformation start and finish &ratpre ang
transformation temperature for specific amount (10 %, 2B08) etc.) can alsp
be determined. For every type of transformation, locus alrtspoints,
Isopercentage points and finish points give the transfoomastart line,
Isopercentage lines and finish line respectively and thatlt CCT diagram.
Normally at the end of each cooling curve hardness value sofitant product at
room temperature and type of phases obtained are shown.

——
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CCT curves for eutectoid steel
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Different cooling treatments for eutectoid steel

0.1
M = Martensite P = Pearlite

723
Process Cooling rate (K/sl ____________
Annealing 10°- 1073 1 _- -
Air Cooling 1-10 g
Oil Quenching ~100 é
o
Water Quenching ~500 -
Q
- =
Splat Quenching 0] g
Melt-Spinning 160-1C %
Evaporation,
sputtering 10° (expected)

;
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Transformation diagram for cast iron
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Homogeneity of austenite

This refers to the uniformity in carbon content of the austenite grains. ypa-eutectoid
steel is heated for hardening, when the Ifhe is crossed, the austenite grains forn
from pearlite will contain 0.8 percent carbon.

With continued heating, the austenite grains formed from pro-eutectoidefesil
contain very little carbon, so that when thg line is crossed, the austenite grains will 1
be uniform in carbon content.

Upon quenching, the austenite grains leaner in carbon, having a fast critidialgcae,
tend to transform to nonmartensitic structures, while those richer imooarhaving &
slower critical cooling rate, tend to form martensite. This result®cam uniform
microstructure with variable hardness . This condition may be avoided by slew
heating, so that uniformity is established by carbon diffusion during hgattnis

ned

not

recommended that the material be held at the austenitizing temperature 1hour for each

inch of thickness or diameter

The recommended austenitizing temperature for hypo-eutectoid stealsoig 30°C
above the Aline. This same as the recommended annealing temperature.

For hyper-eutectoid steels the recommended austenitizing tempesatseally betweel
the A,,and Ay , lines.

The A, line rises so steeply that an excessively high temperature may beaeda

dissolve all the proeutectoid cementite in the austenite. This tends ttopgaevedesirable

coarse austenitic grain size, with danger of cracking on cooling.

—
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Mechanism

Quenching

[ The properties of materials alter by different heat treating presdasg varying the cooling
rate followed by quenching. If the actual cooling rate (ACR) exceedstihieat cooling
rate, only martensite will result. If the actual cooling rate is léem the critical cooling
rate (CCR), the part will not completely harden. So that, diffeeanacooling rates leads to
variation in propertiesAt this point, it is necessary to understand the mechanism of
removal during quenching.

A cooling curve shows the variation of temperature with time during quenching. A
cooling rate, however, shows the rate of change of temperature with time.

The cooling rate at any temperature may be obtained from the cooling curvawindra
tangent to the curve at that temperature and determining the slope of the talhgent
apparent that the cooling rate is constantly changing with time.

heat
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a- Vapor-blanket cooling stage
b- Vapor-transport cooling stage
c- Liquid cooling stage
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Quenching

Vapor-blanket cooling stage

O In this stage, quenching medium is vaporized at the surface of the metal ansl &athin
stable layer.

L Cooling is by conduction and radiation.
O Cooling rate is relatively slow

Vapor-transport cooling stage

O This stage starte wher the meta has coolec to a temperatur at which the vapoil
film is no longer stable. Wetting of the metal surface by therching mediun
and violent boiling occur. Heat is removed from the metalyvapidly as the
latent heat of vaporization. This is the fastest stage olingo

—

Liquid cooling stage

 This stage starts when the surface temperature of the negtehes the boilin
point of the quenching liquid .

 Vapor no longer forms, so cooling is by conduction and cotiwachrough the
liquid. The rate of cooling is slowest in this stage.

J
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Factors affecting on Quenching

Many factors determine the actual cooling rate. The most important are the type of qugnchin
medium, the temperature of the quenching medium, the surface condition of the parteand th
size and mass of the part.

Quenching Medium

Brine solution (Water solution of 10% sodium chloride)
Tap water

Fused or liquid salts

Soluble oil and water solutions

Oil

Air

D000 0O

Temperature of Quenching Medium

O Generally, as the temperature of the medium rises, the cooling rateadest This is due o
the increase in persistence of the vapor-blanket stage. This is particué of water and
brine.

L In another case, an increase in cooling rate with a rise in temperafiuhe medium. In thg
case of oil, as the temperature of the oil rises there is a tendency for thegoate to
decrease due to the persistence of the vapor film. However, as the temnperfthe oil rises
it also become more fluid, which increase the rate of heat conduction through tleestiqui

U




Factors affecting on Quenching

Severity of quench values of some typical quenching conditions

increase in
IS greater

If the

conduction than th

rate of heat

decrease due to persistence of the

vapor film, the net result will be an
increase in the actual cooling rate.

However if the reverse is true, then the

result will be decrease in cooling rate.

Process Variable H Value
Air No agitation 0.02
Oil quench No agitation 0.2
" Slight agitation 0.35
" Good agitation 0.5
" Vigorous agitation 0.7
Water quench No agitation 1.0
" Vigorous agitatio 1.t
(satli:::tgdq g:\rlltcvr\]/ate-r) No agitation 2:0
" Vigorous agitation 5.0
ldeal quench 00

Severity of Quench as indicated by the |
transfer equivalertt

H :% [m™]

f — heat transfer factor
K — Thermal conductivity

L4

Note that apart from the nature of the quenching medium, idp@ousness of the shake determines the severity ¢
guench. When a hot solid is put into a liquid medium, gas besmolidrm on the surface of the solid (interface v
medium). As gas has a poor conductivity the quenching ratedsced. Providing agitation (shaking the solid in
liquid) helps in bringing the liquid medium in direct contaxith the solid; thus improving the heat transfer (and
cooling rate). The H value/index compares the relativatgof various media (gases and liquids) to cool a hot s

f the
vith
the
the
olid.

Ideal quench is a conceptual idea with a heat transfer fa¢tor(= H = «)

230



Factors affecting on Quenching

Surface condition

 When the steel is exposed to an oxidizing atmosphere, becduke presence of
water vapor or oxygen in the furnace a layer of iron oxideezhilcaleis formed.
Experiments have shown that a thin layer of scale has vdly éffect on the
actual cooling rate, but that a thick layer of scale (0.0@him deep) retards the
actual cooling rate.

O There is also the tendency for parts of the scale to peel efsthface when the
piece is transferred from the furnace to the quench tanks thung rise to g
variation in cooling rate at different points on the surfaiee presence of scale|is
need to be considered only if the actual cooling rate is vdogse to critical
cooling rate.

O To minimize the formation of scale, we have different methddpend upon part
being heat treated, type of furnace used, availability ofgnent and cost.

v Copper plating
v Protective atmosphere
v" Liquid salt pots
v Castiron chips




Factors affecting on Quenching

Size and mass

d

d

The ratio of surface area to mass is an important factor in determininacthal cooling
rate, because only the surface of a part which is in contact with the quenchingme:

Thin plates and small diameter wires have a large ratio of surface tarenass ang
therefore rapid cooling rates.

For Cylinder

Surfaceara _ TDL
Mass (71/14)D%Lp

The calculation shows that the ratio is inversely proportional to diametke ifltameter

IS increasec the ratic of surfact are: to mas: decrease anc the coolinc rate decreass.

i

The heat in the interior of the piece must be removed by conduction, through the bjody of

the piece, eventually reaching the surface and the quenching medium. Thekhef
cooling rate in the interior is less than that at the surface.

If such variation in cooling rates exists across the radius of a bar duoolng, it is to
be anticipated that variations in hardness would be evident when the bars aralc
hardness surveys made on the cross section. A considerable temperaterence
between the surface and the center during quenclsieg i next slide

This temperature difference will give rise to stresses during hesttrhent calleg
residual stresses, which may result in distortion and cracking of the.piece

pre t

cut a
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Hardness profile in a cylinder from surface to inte rior
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Hardenability

[ From the earlier study, we seen that, hardness profile various fromcaseet. It leads tc
an important conclusion that, by varying the diameter of cylinder withesaamposition
will give the different hardness profiles, i.e., depth of hardness isrdiftefrom different
size of samples. Generally this diagrams called as hardness-pemetdsigrams o
hardness-traverse diagrams.

[ Hardenability is the ability of a steel to partially or completely tramsf from austenite tq
some fraction of martensite at a given depth below the surface, when cooledaigiven
condition.

L For example, a steel of a high hardenability can transform to a high fractiormdénsite
to depth: of severe millimeters unde relatively slow cooling sucl as ar oil quencrk
whereas a steel of low hardenability may only form a high fraction of maite to a deptl
of less than a millimeter, even under rapid cooling such as a water qudaatenability
therefore describes the capacity of the steel to harden in depth under a giveof
conditions.
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Hardenability

Increase in the hardenability or depth of penetration of llaedness may b

accomplished by either of two methods:

1. With the actual cooling rates fixed, slow up the critical bog rate (shift the
I-T curve to the right) by adding alloying elements or coamsg the
austenitic grain size.

2. With the I-T curve fixed, increase the actual cooling ratgaibing a faste
guenching medium or increasing circulation.

Since increasing cooling rates increase the danger of disto or cracking, the

addition of alloying elements is the more popular method méraasing

hardenability.

Steels with high hardenability are needed for large higkngfth components

such as large extruder screws for injection moulding of p&ys, pistons for roc
breakers, aircraft undercarriages etc.

Steels with low hardenability may be used for smaller congmi&y such a
chisels and gears etc.

The most widely used method of determining hardenabilityhes end-quenc
hardenability test or the Jominy test, commonly called asidp End Quenct

e

—a

\%4

K

S

N

—

test.




Jominy End Quench Test

O In conducting this test, a 1 inch round specimen 4 inch long is heated unifaonrilye
proper austenising temperature. It is then removed from the furnace and plaadukinine

d

where a jet of water impinges on the bottom face of the sample.

After 10 min. on the fixture, the specimen is removed, and to cut along the Uaingg
direction. And then Rockwell C scale hardness readings are taken at 1/1Gntesials

from the quenched end. The results are expressed as a curve of hardness values Vs.
distance from the quenched end. A typical hardenability curve shown below fort@dtec

steel.

c—

Holder for supporting
/- specimen during guench

i

™~ Slow air quench

e Rapid water quench

T

TT T"‘-— Quench water jet

Jominy Sample

Rochkwell “C” hardness

Martensite

70F /

60F

— — . C-54 (50% Matensite)
50h 5‘/32 2
40

J0F

/Pearlite

20F

10F

0T T 06 20 27 35 3736 a0 ar

Distance from quenched end in 1/16 inch units

78

Variation of hardness along a Jominy

bar




Jominy End Quench Test

A number of Jominy end quench samples are first end- quenched for a sevlies of

different times and then each of them (whole sample) is quenched by der
Immersion in water to freeze the already transformed structures.

Cooling curves are generated putting thermocouple at different locationssaorling
temperature against cooling time during end quenching. Microstructures at thig
where cooling curves are known, are subsequently examined and measurd
guantitative metallography. Hardness measurement is done at each invegi@ated

Based on metallographic information on investigated point the transformatadnasid
finish temperatur anc time are determine. The transformatio temperatur anc time
are also determined for specific amount of transformation.

These are located on cooling curves plotted in a temperature versus timandiaghe
locus of transformation start, finish or specific percentage of fommtion generats
CCT diagram gee next slide

A, B, C, D, E, F are six different locations on the Jominy sample showFRigure

(before slide}hat gives six different cooling rates. The cooling rates A, B, C, D, E, K

In increasing order. The corresponding cooling curves are shown on the tennpéoa

nple

oI

rd by

are

time plot. At the end of the cooling curve phases are shown at room temperature.

Variation in hardness with distance from Jominy end is also shown in the diagra




Temperature

Hardness, HRC

A\ .

Jominy sample

FED C B A
Distance from quench end

= =
— — - —
- — — -
— - -

\C \\\
\\ \\\
1/ \\\
M| | P+M FP||P C.P

Log time

t.=Minimum incubation
period at the nose of the
TTT diagram,
t'.=minimum incubation
period at the nose of the
CCT diagrar

M — Martensite

P — Pearlite

F.P — Fine pearlite
C.P — Coarse pearlite
Mg — Martensite start
Mg — Martensite finish
Te — Eutectoid temp.
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Tempering

O Tempering is the re-heat treatment processes, to reli@veegidual stresses a

improve the ductility and toughness of steel. In other wprtdsnpering is a

processes to optimize the strength and toughness of steel.

O With the increase in temperature, carbon diffusion becoamseciable and the
metastable martensite decomposes to more stable prodeuots. stages of

tempering are known.

nd

Stage |

 Stage | of temperature extends from room temperature toQ0During this
stage, the martensite decomposes to two phases: a low caradansite with
0.2%C some times known as black martensite, adCP, Fg ,C), a transition
carbide.

J With increase in the carbon content of the steel, memarbide forms. It

precipitates very fine form and resolves only under thetedacmicroscope. Th
hardening effect due to this precipitation is usually dffsg the softening effeg
associated with the loss of carbon in martensite.

t




Tempering

Stage Il

 Stage Il tempering occurs in the range of 250-400°C changes the epsilon carbide to
orthorhombic cementite, the low-carbon martensite becomes BCC ferriteygnetainec
austenite is transformed to lower bainite as a function of time. The caabbed®o small tq
be resolved by the optical microscope, and the entire structure etches rapalliglack
mass formerly called troostite.

Stage Il

L Stage Il tempering in the range of 400-650°C continues the growth of the cementite
particles. This coalescence of the carbide particles allows more déthge matrix to be
seen, causing the sample to etch lighter than the low temperature prodtigs $tructure
formerly known as sorbite, it is resolvable above 500X, under electron microscaopy |
clearly visible.

Stage IV

O Stage IV tempering in the range from 650-720°C produces large, globular cementite
particles. This structure is very soft and tough and is similar to thereheed cementite
structure. Spheroidite is the softest yet toughest structure that steel &y ha
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Tempering

O For many years , metallurgists divided the tempering preEganto definiti
stages. For microstructures appearing in these stagesivasmpmes like Blac
Martensite, troostite and sorbite. However, the chang@esianostructures are S0

gradual that it is more realistic to call the product of tempg at any temperature
simply tempered martensite.

Tempered
martensite

\

at low temperature

o
Martensite —
/ <

fast cooling at lugh temperature

heat trectimment

Anstenite —— moderate cooling Bamite Sl}llen:utl 1te
slow cooling
T~ Pearlite

S

A schematic of possible transformations involving austenite decomposition N



Tempering

 Tempering of some steels may result in a reduction of tougghmndnat is knowr
as temper embrittlement.

 This may be avoided by (1) compositional control, and/ortéMpering above
575°C or below 375°C, followed by guenching to room tempeeat

O The effect is greatest in Martensite structures, less sewebainite structures
and least severe in pearlite structures.

O It appears to be associated with the segregation of solotasato the grain
boundaries lowering the boundary strength.

O Impurities responsible for temper brittleness are: P, $naisd As. Si reduces
the risk of embrittlement by carbide formation. Mo has a #itabg effect on
carbides and is also used to minimize the risk of tempeidmitss in low alloy
steels.

—

Martensite Ferrite Cementit

a'(BCT) — (BCO) FesC(OR)EL
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Martempering

This heat treatment is given to oil hardenable and air haiolensteels and thi
section of water hardenable steel sample to produce madengh minimal
differential thermal and transformation stress to avoidtattion and cracking.

The steel should have reasonable incubation period at tse nb its TTT
diagram and long bainitic bay.

The sample is quenched above, Mmperature in a salt bath to reduce ther
stress (instead of cooling belowMirectly) Surface cooling rate is greater th
at the centre.

The cooling schedule is such that the cooling curves pasad&hthout touching
the nose of the TTT diagram. The sample is isothermally holdheitic bay suck
that differential cooling rate at centre and surface beceugalize after som
time.

The sample is allowed to cool by air through M- such that martensite forn

both at the surface and centre at the same time due to not reugbetature
difference and thereby avoid transformation stress becafis/olume expansion.

The sample is given tempering treatment at suitable terpera

n
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e
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Temperature

Martempering

Austenite+ferrite

oa+CP
o+P

FP

50% FP + 50% UB
UB
Tempering
vy LB
Martensite Fempered marensite

y=austenite
a=ferrite
CP=coarse pearlite
P=pearlite
FP=fine pearlite
t;=minimum incubation
period
UB=upper bainite
LB=Ilower bainite
M=martensite
Ms=Martensite start
temperature
Ms,=temperature at whic
50% martensite is
obtained
Mg= martensite finish
temperature

Log time
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Austempering

Austempering heat treatment is given to steel to producetddvainite in high
carbon steel without any distortion or cracking to the sampl

The heat treatment is cooling of austenite rapidly in a badnmined at lowe
bainitic temperature (above Mtemperature (avoiding the nose of the T[T
diagram) and holding it here to equalize surface and cergrapérature and ti
bainitic finish time.

At the end of bainitic reaction sample is air cooled. The ostructure contains
fully lower bainite. This heat treatment is given to 0.5-W®6C steel and low
alloy stee.

The product hardness and strength are comparable to hdr@emketempered
martensite with improved ductility and toughness and unifo mechanical
properties. Products do not required to be tempered.

—a




Temperature

Austempering

Austenite+ferrite

50% FP + 50% UB

UB

Metastable y + martensite
.

Martensite
Lower bainite

y=austenite
a=ferrite
CP=coarse pearlite
P=pearlite
FP=fine pearlite
t;=minimum incubation
period
UB=upper bainit
LB=lower bainite
M=martensite
Ms=Martensite start
temperature
Ms,=temperature at whic
50% martensite is
obtained
Mg= martensite finish
temperature

Log time
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Comparison between Martempering & Austempering

L\ Eutectoid temperature
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=

Peatrlite
Pearlite + Bainite
N
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%\\
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M; \\\
“
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ALLOY STEELS

[ Various elements like Cr, Mn, Ni, W, Mo etc are addo plain carbon
steels to create alloy steels

] The alloys elements move the nose of the TTT dragwathe right
— this implies that a slower cooling rate can be leygd to obtain
martensite— increasedHARDENABILITY

 The‘C’ curvesfor pearlite and bainite transformations overlapha
case of plain carbon steels in alloy steels pearlite and bainite
transformations can be represented by separat@ees
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Element Addec|.z_ ____________________________________________________ - SOIld Solutlon

Role of Alloying Elements

Plain Carbon Stee

y

~|Compound (new crystal structure)

| Segregation / phase separation

1 Interstitial

4 Substitutional

Alloying elements

« + Simplicity of heat treatment and lower cost
» — Low hardenability

» — Loss of hardness on tempering

» — Low corrosion and oxidation resistance
» — Low strength at high temperatures

resistance to softening on tempering
/I corrosion and oxidation resistance
/I strength at high temperatures
 Strengthen steels that cannot be quenched

o N Elastic limit (no increase in toughness)

» Make easier to obtain the properties throughout a larger segction

o Alter temperature at which the transformation ocqurs

o Alter solubility of C ina ory lron
e Alter the rate of various reactions
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Sample elements and their role

1 P » Dissolves in ferrite, larger quantities form iron phosphierittle (cold-shortness

1 S» Forms iron sulphide, locates at grain boundaries of ferrite andtpgaobr ductility
at forging temperatures (hot-shortness)

- Si » (0.2-0.4%) increases elastic modulus and UTS

[ Cu » 0.8 % soluble in ferrite, can be used for precipitation hardening

- Pb »Insoluble in steel

1 Cr »Corrosion resistance, Ferrite stabilizt hardness/strength, > 11% forms pas
films, carbide former

1 Ni » Austenite stabilizer{> strength ductility and toughness,

1 Mo » Dissolves imx & v, forms carbide/ high temperature strength,
| temper embrittlement]® strength, hardenability

o —
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T Mn +01% ,/
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E Cr+ 0.1%C
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Alloying Element (%) —

Alloying elements increase hardenability but the majortabation to hardness
comes from Carbon
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= Mn, NI are Austenite stabilizers

Temperature—

Temperature—

0.8 1.2 1.6
C (%) 5

0.8 1.2 1.6
C (%) =

|..----~ Outline of they phase field

= Cr is Ferrite stabilizer
= Shrinkingy phase field witht Cr
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Temperature (°C)—

800

700
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o

400

300
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100
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| I I |
Highest temperature for
formation of ferrite
e
Ewtectoid temperature
i e R e o
Austenite and
Ferrite Ferrite &
carfite
Austentte
Austenite and Bainite
&
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!
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/ Banite
/
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TTT diagram of low alloy steel (0.42%
C, 0.78% Mn, 1.79% Ni, 0.80% Cr,
0.33% Mo)

U.S.S Carilloy Steels, United States Steel Corpora
Pittsburgh, 1948)
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Surface Hardening Treatments

 Numerous industrial applications require a hard wear tasisurface called th

O They are two different categories. They are thermo chemarad thermc
mechanical treatments. Thermo chemical treatment isectldab change i
chemical composition and In Thermo mechanical treatmbatgtis no change ¢
chemical composition of the steel and are essentially@hwatardening methods.

case and a relatively soft, tough inside called tmwe Example: Gears

 Adetailed flow chart is given below related to surface hamdg treatments.

e

Thermal

SURFACE

Flame

Induction

Laser

Y

Electron Beam

Thermo-Chemical

Carburizing

Nitriding

Cyaniding®




Thermo Chemical Treatments

Carburizing

O Carburizing is the most widely used method of surface handerHere, the

d

d

»

surface layers of a low carbon steel (<0.25) is enriched watbon up to 0.8
1.0%. The source of carbon may be a solid medium, a liquid @sa g

In all cases, the carbon enters the steel at the surface finslediinto the steel &
a function of time at an elevated temperature. Carburizndone at 920-950°C.
at this temperature the following reaction takes place

Fe +2CO M - Fe, + CO

2

Where g, represents carbon dissolved in austenite. the rate ofstffuof
carbon in austenite, at a given temperature is dependent thp® diffusion
coefficient and the carbon concentration gradient.

The carburizing equation given previously, Fe+2CS&  FeCQO, is reversible
and may proceed to the left, removing carbon from the suitags if the steel is

heated in an atmosphere containing carbon dioxide ,JC®his is called
decarburization.

A4
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Carburizing

O Decarburization may be prevented by using an endothernscagaosphere in

the furnace to protect the surface of the steel from oxygarhan dioxide anc
water vapor.

O An endothermic gas atmosphere is prepared by reactingviediatich mixtures of
air and hydrocarbon gas (usually natural gas) in an extgrhehted generator i
the presence of a nickel catalyst.

Liquid Carburizing

O Liguid carburizin¢ is a methoc of cast hardenini stee by placing it in a batl (8%
NaCN, 82% BaCl and 10% NaCl) of molten cyanide so that carbon will difft
from the bath into the metal and produce a case comparableetoesulting from
pack or gas carburizing.

O Liguid carburizing may be distinguished from cyaniding lhe tcharacter an
composition of the case produced. The cyanide case is higheitrogen anc
lower in carbon; the reverse is true of liquid carburizedesas

BaCl +2NaCNII - BgCN), + 2NaCl

Ba(CN), + Felll - Feg, +Ba(CN),

| -

n

se
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Pack Carburizing

O In pack carburizingthe article s to be carburized are packed in a box, embedding
them in a powdery mixture of 85% charcoal and 15% of energizerch as
BaCGO,. The box is sealed with fireclay and loaded into the furnasat lat 930°C
The residual air in the box combines with carbon to produce T energize

decomposes as below : BaCO, I - BaO + CO
2

-

CO,+C I - 2CO

O The carbor enter: the stee througl the following reactior:
Fe+2CO M - Fe, +CO,

O If selective carburization is to be done, copper is eledéte to a thickness of
~0.05 mm in regions where carburization is not desired.rAéigvely, a refractory
paste of fireclay mixed with asbestos can be applied. Cbafrtemperature and
penetration depth is less in pack carburizing as compareigiad and gas
carburizing. Also, direct quench from the carburizing temgture to harden the
surface is not possible.

Ty




Gas Carburizing

 The steel is heated in contact with carbon monoxide and/or a hydrocarbon which is
readily decomposed at the carburizing temperature.

A mixture consisting of 5-15% methane (or propane) in a neutral carrier gas is{used.
The methane decomposes according to the following reaction:

CH,+Fell - 2H, +Fe,

 The carbon potential of the gas mixture increases with increasing conaermtcdﬂ'
methane. Too large a concentration or too high a gas velocity releases ca
thar it car be absorbe anc may resul in soo formatior on the surfact.

 Closer control of temperature and case depth is possible in gas carburizing, as
compared to pack carburizing. Also, post gquenching can be done directly.

Heat treatment after carburizing

 Since steel is carburized in the austenite region, direct quenchomg the carburizing
temperature will harden both the case and core will harden both the casmand the
cooling rate is greater than the critical cooling rate. Direct quenchingoafse grained
steels often leads to brittleness and distortion, so that this treasheuld be applied only
to fine grained steelsA diagrammatic representation of various hardening treatments for
carburized steels shown in next slide. 563




Heat treatment after carburizing
_Corburizing temperature | 4 ¢ o
b N\, Crifia erpeonacod |\ o\
5 N 1 1.
& Critical
,E* temperature A Y A
of case
Carb tent
ribon content ———=— Time

TREATMENT

CASE

CORE

A — best adapted to fin¢

grained steels

\

Refined; Excess carbide not dissolved

Unrefined;aod machinable

B-best adapted to fine
grained steels

Slightly coarsened; some solution of exce
carbide

sartially refined; stronger and tougher thgan
A

C-best adapted to fine
grained steels

Somewhat coarsened; solution of exces

carbide favored; austenite retention promatbdrdness; better combination of strength

in highly alloyed steels.

s Refined: maximum core strength and

fand
ductility than B

D-best treatment for
coarse grained steels

Refined solution of excess carbide favore
austenite retention minimized

d; Refined; soft and machinable; maximun
toughness and resistance to impact

E-adapted to fine graine
steels only

d Unrefined with excess carbide dissolved|

austenite retained; distortion minimized

Unrefined but hardened

F-adapted to fine graing

d Refined; solution of excess carbide favorg

d; Unrefined; fair toughness,,

steels only

austenite retention minimized




Carburizing
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Cyaniding and Carbonitriding

O In this case that contain both carbon and nitrogen are pextluncliquid salt baths
(cyaniding) or by use of gas atmospheres (carbonitridifgg temperatures use
are generally lower than those used in carburizing, beitgden 750-900°C.

 Exposure is for a shorter time, and thinner cases are prddugeto 0.010in. Fo
cyaniding and up to 0.030in. For carbonitriding.

O In Cyanidingis done in a liquid bath of NaCN, with the concentration vagy
between 30 and 97%. Both carbon and nitrogen enter the steéier following
reaction:

2NaCN+0, [ - 2NaCNO

3NaCNOM — NaCN+ Na,CO, +C + 2N

O The temperature used for cyaniding is lower than that fobwazing and in the
range of 800-870°C. the time of cyaniding is 0.5-3 hour todpie a case dep
of 0.25 mm or less.

JJ
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Cyaniding and Carbonitriding

 Carbonitridingis a case-hardening process in which a steel is heated incagms
atmosphere of such composition that carbon and nitrogen arsorbed
simultaneously.

O This process is also known as dry cyaniding or gas cyanidings the gas
carburizing process modified by the addition of anhydraus@nia.

O The decomposition of ammonia provides the nitrogen, whioters the stee
along with carbon.

A typical gas mixture consist of 15% NH; CH, anc 80% of neutra carriel gas.
The temperature used is 750-900°C. With increasing teryneraa greater
proportion of carbon enters the steel.

O The presence of nitrogen in the austenite accounts for thernaiferences
between carbonitriding and carburizing. Carbon-nitrogeistenite is stable at
lower temperatures than plain-carbon austenite and tremsf more slowly on
cooling. Carbonitriding therefore can be carried out atdowemperatures and
permits slower cooling rates than carburizing in the hairtpaperation




Nitriding

\v

O In contrast to the processes described before, nitridimgnged out in the ferrite
region. Consequently, no phase change occurs after nigridi

O This part to be nitrided should possess the required corpepiies prior to
nitriding. Pure ammonia decomposes to yield nitrogen weiters the steel:

2NH, 00 - 2N +3H,

O The solubility of nitrogen in ferrite is small. Most of thetragen that enters the
steel forms hard nitrides (e.g. 8. A typical nitriding steel contains alloying
elements of 1%Al, 1.5%Cr and 0.2%Mo. Al, Cr, and Mo form veaydand wear
resistar nitrides.

O The temperature of nitriding is 500-590°C. the time for aecagpth of 0.02mm is
about 2 hour. In addition with wear resistance, it also iases the resistance of a
carbon steel to corrosion in moist atmospheres.

d A common problem encountered in nitriding is the formatidny'aitride (FgN)
on the outer layers of the case , known as the “white layer’it &@oks white
under the microscope. This layer is very brittle and tendsréxk. It must be
removed by final grinding operation. Its formation can benimized by
maintaining the correct ratio of NJH H, in the gas mixture during the heat
treatment.
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Thermal Energy Treatments

Flame Hardening

O For large work pieces, such as mill rolls, large gears andptiocated cros:
sections, in such cases, flame hardening is done by means okyacetylend
torch. Heating should be done rapidly by the torch and théasarquenchec
before appreciable heat transfer to the core occurs.

—— \v

O Four methods are generally use far

- .~ FLAME HEADS

Flame Hardening —— /R
. 3 t%;; S:SE_’ZD FLAME HEADS

v/ Stationar (Spot: Torclk anc — (STATIONARY)
work is stationary i coRrORBi o |

v" Progressive: Torch moves ovg SPOT IAPENING q%‘:
a work piece =

v Spinning: Tprch IS stationary e e o |
while work piece rotates § - e veans —

" WATER

. . . . .I S0OURCE
v Progresswe-spmnlng._ Torgh S R,
moves over a rotating work ‘ '
piece. WovasLE)

PROGRESSIVE HARDEMING
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Induction Hardening

 Here, an alternating current of high frequency passes g¢ifir@n induction coi
enclosing the steel part to be heat treated. The induced eatf lthe steel. the
depth up to which the heat penetrates and rises the temperaove A;is
iInversely proportional to the square root of the AC freqyenc

O Correspondingly, the hardened depth decreases with siogedrequency in
iInduction hardening, the heating time is usually a few sdsoimmediately after
heating water jets are activated to quench the surface elNkite is produced at
the surface making it harc anc weai resistar. The microstructur of the core
remains unaltered. Induction hardening is suitable forsnpeduction of articles
of uniform cross section

Five basic designs of work coils with the heat patt erns developed by each are shown below

-
A Simple Solenoid for
external heating
Heating pattern
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Induction Hardening

A colil to be used internall
% for heating bores

Henrinq' pattern

3
N
N
b
o
o
=

pie-plate” type of coll

Heating patfern designed to provide hig
i current densities in
narrow band for scannin

applications.

s
A Single turn coil for scanning @
a rotating surface, provide Heating pottern
with a contoured half turn tha
will aid in heating the fillet

Heating pattern

{A ‘Pancake’ coil for spo?J>

heating.

§
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Laser Hardening

Laser hardening treatment is widely used to harden lochbzeas of steel and cast
iIron machine components. This process is sometimes rdfetoe as laser

transformation hardening to differentiate it from laserface melting phenomena.

There is no chemistry change produced by laser transfavmatirdening, and th
process, like induction and flame hardening, provides dact¥e technique tc
harden ferrous materials selectively.

As laser beams are of high intensity, a lens is used to redueantensity by
producing a defocused spot of size ranging from 0.5 to 25 nmopgy control of
energ) input is necessal to avoic meltinc.

Laser transformation hardening produces thin surface stimet are heated and
cooled very rapidly, resulting in very fine Martensitic mostructures, even in steels
with relatively low hardenability. High hardness and googawresistance with less

distortion result from this process.
Laser hardening has the advantage of precise control ogaartta to be hardene

A\

dl

an ability to harden reentrant surfaces, very high speea@afdning and no separate

guenching step (the quench is effected by the mass of theatetheaterial).

The disadvantage is that the hardening is shallower thamdoction and flamé
hardening.
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Electron Beam (EB) Hardening

 Electron Beam (EB) hardening is like laser treatment, isduse harden th

surfaces of steels. The EB heat treating process uses antated beam of high-
velocity electrons as an energy source to heat selectedcsudreas of ferroys

parts. Electrons are accelerated and are formed into atelirdiam by an E
gun.

 After exiting the gun, the beam passes through a focus cdilclwprecisely

controls beam density levels (spot size) at the work piecase and then passes

througl a deflectior coill.

 To produce an electron beam, a high vacuum of fidr is needed in the regio
where the electrons are emitted and accelerated. This mracnvironment

protects the emitter from oxidizing and avoids scatterihghe electrons while

they are still traveling at a relatively low velocity.
 Like laser beam hardening, the EB process eliminates the fioeguenchants bt
requires a sufficient work piece mass to permit self quarg:hi

A mass of up to eight times that of the volume to be EB hardesa@quired
around and beneath the heated surfaces. Electron bearmimgrdees not requir
energy absorbing coatings, as does laser beam hardening.

|1 =4
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Relative benefits of common surfabeartariegipopeesss

od
O_

ng
om
ital

iIng
1ch

PROCESS BENEFITS
Hard, highly wear-resistant surface (medium case depth&ellent capacity for contact load; gg
Carburizing |bending fatigue strength; good resistance to seizure;llertéreedom from quench cracking; low-{
medium cost steels required; high capital investment redui
Hard, highly wear-resistant surface (shallow case deptas)capacity for contact load; good bend
Nitridin fatigue strength; excellent resistance to seizure; excellimensional control possible; good freec
9 |from qguench cracking (during pretreatment); medium-ghhtost steels required; medium cap
investment required; improved salt corrosion resistance
Induction Hard, highly wear-resistant surface (deep case depthsy gapacity for contact load; good bend
hardenin fatigue strength; fair resistance to seizure; fair dimemal control possible; fair freedom from quer,
g cracking; low-cost steels usually satisfactory; mediumpitedinvestment required
Flame Hard, highly wear-resistant surface (deep casehdgpgood capacity for contact load; good bending
hardening fatigue strength; fair resistance to seizure;damensional control possible; fair freedom from cie

cracking; low-cost steels usually satisfactory; kcapital investment required

Some Nitrided Steels

Carburized Steels

.~ Induction Hardened
Hardness

- Through Hardened

574
Case Depth



Residual Stresses

These are stresses that remain in the part after the foradisespeared. Residu
stresses always arise from a nonuniform plastic deformatio

In the case of heat treatment, this nonuniform plastic aefbion may be cause
by the temperature gradient or the phase change or usuatignbication of both
factors during cooling.

Residual stresses are a very serious problem in heat tneateiece they oftel
result in distortion or cracking and in some cases in preradailure of the par
In service.

Conside the effect of temperatur gradien alone . It was showr earlier unde the
effect of size and mass, that during quenching the surfaceakd more rapidly
than the inside.

Almost all solids expand as they are heated and contract &g dine cooledThis
means that at the end of 10 s ( for example) the surface, sinseat a much
lower temperature, should have contracted much more tisgatein

However since the outside and inside are attached to eaeh dtle inside, bein
longer, will prevent the outside from contracting as muchitashould. It will
therefore elongates the outside layer, putting them inidenshile the inside in
turn will be in compression.
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Residual Stresses

O Thermal stresses may by calculated from the following fdemu

a .E AT

S

Where S =Thermal stress, psi
o = Coefficient of linear expansion in./(in.)(°F)

E = Modulus of elasticity, psi

AT = Difference in temperature, °F

The stress distribution is plotted schematically in below fi

The stress distribution
across the dia. Due to
temperature gradient.

Dotted curve indicates
a truer representation
of the stress

distribution.

Stress 10 psi
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The area in tension
must balance the
area in compression
In order for the
stresses to be In
equilibrium across
the cross section
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Residual Stresses

In general, the tensile stress on the surface may reach ahiginyalue. If this
stress exceeds the ultimate strength of the material, icrguekll occur.

In the case of steel, however, thermal stresses alone vesly taad to cracking.
If the stress is below the yield strength of the steel, thesstrwill be borne

elastically.

When the entire piece has reached room temperatdre, 0, and therefore, sing

the thermal stress will be zero, there will be no distortion.

If the stress exceeds the yield strength, the surface laykrbe plastically
deforme( or permanentl elongate. At roon temperatur the surface will have
residual compressive stress and the inside, residualdestisss.

Let us consider the combined effect of temperature gradiedtphase change f
two possibilities: (1)Through-Hardened steel arfd) Shallow-Hardened steel

The next two slides shows the surface- and center- coolingesusuperimpose
on the I-T diagram for théhrough hardened steahdshallow hardened steel

In many applications, the tensile stress developed by thermad force is
maximum at or near the surface. For these applicationdpshhbrdened or case
hardened parts are preferred.
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Temperatur

Residual Stresses

Through-Hardened Condition

_ e STRESS CONDITION
Ce/nter cooling curve SURFACE CENTER
First Tem_perature Tension Compression|
gradient
Second Compression Tension
F+C A —M of surface P
Third : :
Tension Compression
A—M of center
Crack
\ —
| Sy S
: 7 M- f
: Mf' / \
18t stage 2nd s&‘ 3 stage _
Compression Tension
ty t, layers layers

Time, log scale

Possible fracture in Through-Hardened steel




Residual Stresses

Shallow-Hardened Condition

Temperatur

STRESS CONDITION

: STAGE
enter cooling curve SURFACE CENTER
First . .
. Tension Compressiop
Temperature gradient
Second
A —M of surface | Compression Tension
A—P of center
Third
Cooli ¢ Greatel Greatel
ooling of center Compression  Tension
room temperature
Crack
cooling '3 '., D
curve § : / ~.
: Ms' \l
M- /-) \
Iststage | 2@ | 3 stage _ _
. . Tension Compression
ty t layers layers

Time, log scale

Possible fracture in Shallow-Hardened steel
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Stainless Steels

Stainless Steels are a large group of special alloys developed pyirt@amithstand
corrosion. These steels contain chromium in excess of 12% by weight which imj

“stainless” characteristics to iron alloys.

Types of stainless steels:

Stainless Steels

Duplex SS

Martensitic SS

Ferritic SS Austenitic SS Precipitation

Hardened S$

AISI| Grades of stainless steels:

Series Designation Groups

2XX

3XX

4XX
4XX
Bxx

Chromium-Nickel-Manganese; Nonhardenable,
Austenitic, Nonmagnetic

Chromium-Nickel; Nonhardenable, Austenitic,
Nonmagnetic

Chromium; Hardenable, Martensitic, Magnetic
Chromium; Nonhardenable, Ferritic, Magnetic
Chromium; Low chromium; Heat-Resisting

581
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Martensitic Stainless Steel

 These are primarily straight chromium steels with 11.5 to 18%.C%% C, 1.25% Mn,

and 1%S.i.

d Common examples are 403, 410, 416, 420, 440A, 501 & 502 (AISI grades).
 Used for turbine blades and corrosion resistant applications

Heat Treatment

v Process Annealing.- 650 - 760° C, 1 ductility and machinability
v Austenitizing - 925 -1065 C followed by oil quenching or air cooling,

corrosion resistance and strength
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Microstructure of annealed 416 stainless steel
etched with Vilella’s reagant
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Mlcrostructure of hardened type 403 stainless
steel etched with 4% picral-HCI




Austenitic Stainless Steel

These are chrome-nickel (3xx type) or chrome -nickel- manganese(2xxatigyes)
Total content of Ni and Cr is at least 23%.

Difficult to machine but can be improved by addition of selenium of sulfur
Best high temperature strength and scaling resistance. Hencelssiwsrrosion
resistance

Used in chemical industry and for household and sanitary fittings.
Heat Treatment

v Cold working causes work hardening but hot working can easily be done.
v"Annealing at high temperatures Recrystallization and carbide solution
v Solution treatmer - Dissolution ofchromium carbide

- #ﬂq -
’- z e . }
‘ ;d »

Microstructure of annealed type 316L austenitimétas
steel etched in 20% HCI, 2% NH4FHF, 0.8% PMP

L O0DpoO0oo

Equiaxed grains

Annealing twins
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Ferritic Stainless Steel

[ These are primarily straight chromium steels with 14 to 27% Cr. Carboastsicted
both to maintain high toughness and ductility and to prevent austenite formatsor
carbon expands the gamma loop)

 These steels can be cold formed easily and hence are used for deep dresxsupla as
vessels for food and chemical industries and for architectural and automative tr

Heat Treatment
v" Can be cold or hot worked.

v" Annealing- 760 - 966C, Recrystallization of cold-worked structuresachieves
maximum softness, ductility and corrosion resistance.
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Microstructure of annealed ferritic stainless stemitaining
26% Cr and 1% Mo, etched electrolytically in 60% GINH,O

Single-phase microstructure of an
annealed ferritic stainless steel
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Precipitation Hardened Stainless Steel

[ Contains Mo, Nb, Ti or Al in addition to basic composition. Ni content is generabg |
to reduce the stability of austenite.

Common Grades are: 630/17-4 PH (17% Cr, 4%), 631/17-7 PH,15-5 PH etc.
Provides high strength and toughness while maintaining the corrosion resistant
stainless steels. Also shows excellent elevated-temperaturerparfoe and are widely
used in the aerospace industry.

DO

O Strengthening is accomplished by the precipitation of intermetallic compountsasug

Ni;Al in austenitic or ductile low-carbon martensitic matrices.
Heat Treatment

v Thest steel: are usually solutior — anneale followed by air coolinc with the resultan
transformation of austenite to martensite. After forming ageing (4800&20is carried
out to cause precipitation effect.

v" More is the ageing temperature better IS the ductility, toughness and inesistastress
corrosion. ,u ,_m @;%?I R TR

Fogd ?r f' Tempered

-

-

| 88 Fine, disc- -shaped
. *“%‘k Y’ precrpitates ,

Microstructure of 17-4PH aIon solution M|Crostructure of an aged austenitic

e of

treated at1038C and aged at 495C precipitation-hardening stainless stee




Duplex Stainless Steel

Duplex stainless steels by design have nearly balanced amounts of ferritesheiitz.
Compositions of duplex stainless steels range from 17 to 30% Cr and 3 to 13%
Molybdenum, a ferrite stabilizer, is also typically present.

 Shows higher strength and better resistance to stress corrosion. Decreasgdility at low
temperature is compensated by increased rates of strain hardening dtrainensluced
transformation of austenite to martensite

d Used in petrochemical industry (for handling wet an dry,C€aur gas and oil products), heat
exchanges (welded tubing), chemical, industries etc.

Heat Treatment

v" Thermomechanical processing is accomplished in the tves@ferrite austenite fields.

v" Amounts of ferrite anc austenit formec duringc hot working or annealini are a functior of
temperature. Higher temperatures produce larger amouhtferdate. Hence, hot working
temperatures must be kept between 1000 - X200
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Microstructure of duplex stainless Microstructure of cold worked and
steel 7Mo-Plus annealed duplex stainless steel Al 2205
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Tool Steel

O Tool steel refers to a variety of carbon and alloy steels that arecpkatly well-suited to
be made into tools.

 Characteristics include high hardness, resistance to abrasion (exeedar), an ability
to hold a cutting edge, resistance to deformation at elevated temper@addsrdness).

 Tool steel are generally used in a heat-treated state.

AISI-SAE tool steel grades

Defining property AISI-SAE grade Significant charadtcs
Water-hardening W
Oil-hardening
Cold-working A Air-hardening; medium allc
D High carbon; high chromium
Shock resisting S

Tungsten base

High speed
'9h Sp M Molybdenum base

H1-H19: chromium base
Hot-working H H20-H39: tungsten base
H40-H59: molybdenum base

Plastic mold P

L Low alloy
F Carbon tungsten 587

Special purpose




Tool Steel and their Uses

L Shock resisting tool steels Intended for applications requiring toughness and resistance
to shock-loading such as hammers, chisels, punches, driver bits and others.

L Water hardening tool steels» Shallow hardened and relatively low resistancel to
softening. They are suitable for woodworking tools, hand-metal cutting tools sutcps
and reamers and cutlery.

Steels for Room Temperature Use (Classified according to their quenchalig)me

O Water hardened grades (W5 Plain carbon steels with 0.6-1.0 %C. These have a|low
hardenability, ie., martensite only to a depth of 0.5 in. V can be added (foiy@gto
improve the hardness and wear resistance of these steels.

L Shoclresistar grade (S)— Contair smal amount of Cr or Mo anc are quenche in oll.
They have lower C contents (0.5%) to improve impact strength.

O Oil hardened grades (G} Small percentages of Cr and W with 0.9 %C. The have
medium hardness and are used to short run cold forming dies.

O Air hardening grades (A}» Greater amounts of Cr and Mo and 1 %C. Used|for
complicated shapes and thread rolling. Mo and W are relatively expensifieysaite only
added in small amounts to give much improved hardenability.

L High carbon, high Cr grades (D gradey 12 %Cr and 1.5-2.25 %C are extremely wear
resistant and used for long run dies and for gauges. Chromium is a relativelyotw c
addition for increasing hardenability with the excess Cr,,sCy is also formed, which
Improves wear resistance.

LQO
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Steels for High Temperature Us

Tool Steel

tools.

O Chromium hot working steels (H gradesy 5-7 % Cr, 0.4-1.0% V, 1.5-7.0% W, 1.5%
Mo, 0.35% C. Medium hot working for Mg and Al extrusion die-casting dies.

O Tungsten hot working steels (H>» 9.5-12 % W, 3.5-12.0 % Cr, 0.35 % C. Hot working,
extrusion and forging dies for brass, nickel and steel.

O Tungsten high speed steel (B 12-18 % W, 4.0 % Cr, 1-5% V, 0.7-1.5 % C. Original
high speed (HS) cutting steel with excellent HT wear resistance.

O Molybdenum HS steel (M} 3.5-8.0 % Mo, 1.5-6.0 % W, 4.0 % Cr, 1-5 % V, 5 % Co,
0.8-1.5 % C. Used for 85% of US cutting steels before the advent of ceramiagutti

Heat Treatment Processes

Schematic diagram ol
tool steel processing up

to the final hardening
heat treatment

TEMPERATURE

TOOL STEEL PROCESSING

'

ANNEALING

MACHINING
¥

SLOW COOLING (~10°C/h)

—_—— = = - - - =

HARDERNING
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High Speed Steel (HSS)

HSS is a subset of tool steel, commonly used in tool bits and cutting tools. Itas
used in power saw blades and drill bits.

They are characterized by high carbon contents, sometimes up to 1.5%naad
additions of strong carbide forming elements such as chromium, molybdenum, tu

and vanadium. Up to 12% Co is also included in some of the more complex grades.

It can withstand higher temperatures without losing its temper (hardné&ssh allows it
to cut faster than high carbon steel, hence the name.

Other characteristics include high hardness, resistance to abrazawll€at wear), ar
ability to hold a cutting edge, resistance to deformation at elevatedaeetures (red
hardness).

Modulus Of elasticity: 221GPa Density : 8767 kg/m3 (1 durability & hardness), Therma
Conductivity: 21W/m/K

HSS are mainly of two types: Tungsten based ones (T grades), Molybderseu daes

(M grades)

Three popular grades of high-speed steel

AISI-SAE grade C% Wo%| Mo% Cro V%
T1 0.75 18 4 1
M1 0.8 2 8 4 1
M2 0.85 6 5 4 2

of
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High Speed Steel (HSS)

Annealing Hardening Tempering

Heat Treatment

1250 |—

Schematic diagram of the gL
heat treatment of High

Speed Steel

tomper tampa{ temper

==
Slow ] “
heati O, alr or
2500~ [ aog Y saft bath J ’1‘
0 mning mullng ‘1
Time

Microstructure of KMnO
etched M2 high-speed steel
showing Feathery, MC
eutectics (M, maybe Fe,
Mn, Cr with a little W, Mo,
V).
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High Strength Low Alloy Steel (HSLA)

d HSLA steels are low carbon steels that contain up to 10 % alloying iaddiof the
strong carbide- or nitride-forming elements niobium, titanium or vanadiuparagely or

together.

 The alloying elements enable martensite and bainite to form during quenchag
increases strength and impact toughness.

A533
grade B

A517
grade F

A543
class 1

A542
class 1

A 203
grade D

A553
type 1

0.22

0.15

0.15

0.12

0.12

0.10

0.80

0.35

0.45

0.45

0.65

0.015

0.015

0.010

1.020

0.015

0.010

0.015

0.015

0.010

1.020

0.015

0.010

0.20

0.20

0.25

0.25

0.25

0.25

0.50

1.75

2.25

0.50

0.50

0.500.02

1.00

0.1

0.002 O.
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High Strength Low Alloy Steel (HSLA)

A533 grade B

v Contains small amounts of Ni and Mo}
hardenability, forms ferrite plus bainite
microstructure on quenching.

v Tempering of bainitet toughness, strength &
similar ductility to the hot worked low-carbgn
plain-carbon steels.

v Used for nuclear vessels and steam generatgrs

Microstructure of A533 grade B quenched

from 900 °C and tempered at 620C

Grades A543 class 1 and A517 grade F showing ferrite anc tempere bainite

v Contains Ni, Cr, Mo with further additions of V, Zr, and B.
v Very high yield and tensile strengths in addition to good toughness

v" Ni, Cr, Mo + V forms a mixture of martensite and bainite on quenching, whige
additional Zr and B enables 100% martensite to form on quenching to give
greater strength.

v' Zr + B — Forms precipitate at high temperaturgsstrength
Tempering of bainite and martensite 600-650°C, 1 toughness

v' Used in plates, shapes, forgings and for weld constructions including bridge
nuclear pressure vessels etc. 593
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Microstructure of A543 class 1 quenched Microstru
from 850 °C and tempered at 650C guenched from 925C and tempered at

showin¢tempere bainite anc martensit. 65C °C showin¢ Tempere martensit.

A203 grade D and A553 type 1

v Niimproves low temperature notch toughness.

v" 3.5 %Ni in Steel A203 does not improve the strength but after tempering duatiie-br
transition temperature is lowered to below <£D

v" 9% Ni content of A533 improves the strength by “solid solution strengthening” dipetp
level of the Ni-Cr-Mo HSLA steel and also gives A533 a higher ductilitytsat its
ductile to brittle transition temperature is lowered to below —200

v' A 203 is used for a variety of relatively low-stress, low temperature agiinsand
A533 is used for high-stress low-temperature applications such as presssieés \as
for the transport of liquified natural gas (-170) o4




High Strength Low Alloy Steel (HSLA)

A542 classl

v Contains Cr and Mo which increases its resistance to high temperatere (€ee to
interphase precipitation hardening) and corrosion resistance.

v" Quenching and Temperingstrength with good ductility similar to A543
v Used for high pressure chemical reactors and refinery vessels.

Steel showing interphase precipitation at
thea/y boundary
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Microalloyed Steel

 Microalloyed steel— Contains small amounts (< 0.2%) of strong carbide forming
elements such as niobium, vanadium, titanium, molybdenum, zirconium, boron, and rare
earth metals— refines the grain microstructure (Grain size of ferrite ASTM 12-14) &
facilitates precipitation hardening (by forming fine dispersion of alloyizhes).
 These steels have improved strength and excellent weldability cothfmmild steel. In
terms of performance and cost, these steels lie between carbon stetlva alloyed
steel.

 Typical mechanical properties of Microalloyed steel are: Yield&jte— 400-500 Mpa,
Tensile Strength- 600-650 Mpa, % Elongation> 20-22.
 Used in vehicles/transportation, tubular components, heavy equipment, o#Hs
shore/platform: bridges suspensic component: building structure etc.
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Heat Treatment

L In order to realize the full strengthening potential of micro-alloying addsgij it is
necessary to use a soaking temperature prior to forging that is high enough teoalisspl
vanadium-bearing precipitates. A soaking temperature above 1100°C is generally
preferred.

O For Nb—Ti microalloyed steel the single step austenite reheating tatoperat 1150°C

provides better austenite conditioning than the higher reheating temperature at 124(0°C.
NbC TiC Vn

1000°C

\1200":: \
\ \ ™
800°C GGG‘C .

3 —
0 010 0.20 0.300 0.10 0.20 0.300 0.005 0.010
C - content in % C - content in % N - content in %

[ Finishing temperature for rolling also plays an important in determiningtam size and,
hence the strength level.

O If rolling is done through the transformation into the completely ferribndition, fine
ferrite is seen in subgrain structures.

O Alternatively, If rolling is finished above the/a transformation, the nature of the
transformation is altered by increasing the cooling rate. Slow ratesaling obtained by
coiling at a particular temperature will give lower strengths than ragids imposed by
water spray cooling following rolling. Rapid cooling rate results in ngfarmation of

equi-axed ferrite to Widmanstatten ferrite with a much higher dislonatensity. .

(=]
-
[=4]

o
-
N

£1200°C

900°C

Alloying metal in %
=] o
o o
Eel [£2]

0

Ty




.

T S = B .
: \-.. . ;! :' .r.'.- . & \ i

U Fa Ilgy S @;»"}1
[ e, | 4

b ", i 2
[ ey iz - 4
i K ol s

Avala Lava Kumar* : Suneeti Purohit :Gautam Behera
Department of Metallurgical 8aterialsEngineering (MME)
Veer Surendrasai University of Technology (VSSUT), Burla -768018

*E-mail : lavakumar.vssut@gmail.com

598



Introduction

O O

Metallic materials, when considered in abroad sense, magivbded into two
large groups, ferrous and non ferrous.

The ferrous materials are iron-based, and the non ferrousrimisa have somge
element other than iron as the principle constituent .

The bulk of the nonferrous materials is made up of the alloysapper,
aluminum, magnesium, nickel, tin, lead, titanium and zinc.

Other nonferrous metals and alloys that are used to a lessentaenclude
cadmium molybdenun cobalt zirconium beryllium, tantalum anc the preciou:
metals gold, silver and the platinum group.

— This chapter will be concerned with the more important noonfes metals
and alloys These are as follows.

Copper and copper alloyBfonze and Brass)

Aluminum and aluminum alloys




600



Copper and Copper Alloys

/

Pure Cu

Cu- alloys
Brasses Cupronickel Brasses
Deformable alloys Cast alloys
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Introduction

D O

The properties of copper that are most important are higttretal and therma
conductivity, good corrosion resistance, machinabiligtrength, and eas
fabrication.

Most of the copper that is used for electrical conductordaior over 99.9 percent
copper and is identified as electrolytic tough-pitch cap{eTP) or oxygen-free

high-conductivity copper (OFHC).

ETP copper contains from 0.02 to 0.05 percent oxygen, whaatombined with
copper as the compound cuprous oxide Q) As cast, copper oxide and copy
form ar inter dendritic mixture. After working anc annealinc the inter dendritic
network is destroyed, and the strength is improved.

Oxygen-free copper is used in electronic tubes or similgrliegtions because
makes a perfect seal to glass.

Arsenical copper. 0.3 % arsenic has improved resistance to special corro
conditions.

Free cutting copper 0.6 % tellurium excellent machining properties.

Silver — bearing copper. 7 to 30 oz/ton. Silver raises the Recrystallizat
temperature of copper, thus preventing softening durindesong of commutators.

I
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Introduction

Brasses are essentiallloys of copper zincSome of these alloys have small
amounts of other elements such as lead, tin, or aluminum.

The portion of the binary copper zinc phe
diagram which is applicable to commerc
alloys is shown in Fig.

The solubility of zinc in the alphaa solid
solution increases from 32.5 % at 910 °C
abou 39 % al 45E °C.

Since copper is F.C.C , thesolid solution is
F.C.C the betaf{) phase is B.C.C electro
compound and undergoes orderil
indicated by a dot-dash line, in the region
455 to 470 °C.

On cooling in this temperature range t
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—
Te%v ature,

he

B.C.C B phase, with copper and zinc atoms

randomly dispersed at lattice points, chan
continuously to the ordered structufe ,
which is still B.C.C.
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Alpha Brasses

 But with the copper atoms at the corners and zinc atoms ateheis of the unit
cubes. The ordering reaction is so rapid that it cannot mdetl or prevented by
guenching. The best combination of strength and ductibtyobtained in 70Cu
30Zn brass.

 The commercial brasses may be divided into two groups, &sdss cold working

(o brassepand brasses for hot working plusp brassep

Alpha Brasses
(upto 36% Zn

Yellow Brasses /

1.
2.

3.

These contain 20-36 % Zn

It is common practice to stress relief anneal these bra
aftel sever cold working to preven seaso cracking
Season cracking or stress corrosion cracking is due tc
high residual stresses left in the brass as a result of
working.

SSES

) the
cold

Red Brasses

4. Dezincification and Plug-type dezincification

5.  Most widely used yellows. brasses are cartridge bra
(70Cu-30Zn) and yellow brass (65Cu-35Zn)

1. These contain between 5 and 20 percent zinc.

2. The most common low zinc brasses are gliding m¢

(95Cu-5Zn), commercial , commercial bronze (90C

10Zn), red brass (85Cu-15Zn) and low brass (80¢
20Zn)

atal
u_
Cu-
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Alpha plus Beta Brasses

 These contain from 54 to 62 % copper. And this alloy consigivof phasesq and
B’. The B’ phase is harder and more brittle at room temperature thaherefore,
these alloys are more difficult to cold work than Wnerasses.

O At elevated temperatures tiigphase becomes very plastic, and since most of these
alloys may be heated into the single phdase&egion, they have excellent hat-
working properties.

 The most widely used+p’ brass ismuntz meta60Cu-40Zn),which has high
strength and excellent hot-working properties.

O Muntz metal is used in condenser heads, perforated metarahdectural wesk.




Alpha plus Beta Brasses

Free-cutting bras$61.5Cu-35.5Zn-3Pb) has the best machinability of any s
combined with good mechanical and corrosion resistantqytms.

Forging bras§60Cu-38Zn-2Pb) has the best hot working properties of aagdp

and is used for hot forgings, hardware and plumbing parts.

Architectural bronze(57Cu-40Zn-3Pb) has excellent forging and free matcl
properties.

Naval brasg(60Cu-39.25Zn-0.75Sn), also known #din bronze has increase
resistanc to sall watel corrosior anc is usec for condense plates weldinc rod.
propeller shafts, piston rods, and valve systems.

Manganese bronzg8.5Cu-39Zn-1.4Fe-1Sn-0.1Mn), really a high-zinc bréss

high strength combined with excellent wear resistance anged for clutch disks

extruded shapes, forgings, pump rods, shafting rod, vadras and welding rod.

Cast brassedhe previous discussion was concerned primarily with whiby
brasses, which are mainly binary alloys of copper and zime Gast brasses a
similar in name to the wrought brasses but usually contapresg@able amounts ¢
other alloying elements. Tin may be present from 1 to 6 perard lead from 1 tg

ras

ning

0

g
re
)f

10 percent; some alloys may contain iron, manganese, rackealuminium.
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Introduction

 The term bronze was originally applied to the copper-tioya| however, the term
IS now used for any copper alloy, with the exception of coppec alloys, that
contains up to approximately 12% of the principle alloyitgneent.

 Bronze, as a name, conveys the idea of a higher-class alboylirass, and it has
been incorrectly applied to some alloys that are really ishbcasses

d Commercial bronzes are primarily alloys of copper and tinprenum, silicon, or
beryllium. In addition, they may contain phosphorus, leanlg or nickel.

Tin Bronzes

 These are generally referred to @isosphor bronzesince phosphorous is always
present as a deoxidizer in casting.

 The usual range of phosphorus content is between 0.01 afdd, @Bd of tin
between 1 and 11 percent.

 The copper- rich portion of the copper-tin alloy system isvgh in next page. The
B phase forms as the result of a peritectic reaction at’@®@&t 586 °C, thefy phase
undergoes a eutectoid reaction to form the eutectoid naxuy). At 520°C,
gamma ) also undergoes a eutectoid transformatiorutedy.




Tin Bronzes

d The
decomposition of thé phase. This takes

diagram also indicates
place by a eutectoid reaction at 358G

forming (a+€). This reaction

sluggish that in commercial alloys, the

epsilon €) phase is nonexistent.

The slope of the solvus line below 5]
°C shows a considerable decrease in
solubility of tin in the o phas..

The precipitation of thed and ¢ phase
due to this change in solubility is slo
that, for practical purposes, the solv

line is indicated by the vertical dotted

line below 520 °C.
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For this reason, slow cooled cast tin bronzes containingwé1% tin generallﬁ

show only a single phase, thesolid solution. There is some of tldgohase in most
castings containing over 7 percent tirhe phosphor bronzes are characterized

by

high strength, toughness, high corrosion resistance and freedom for seasciwcracking




Silicon Bronzes

1100 2000
 The copper-rich portion of the copper- ‘Q:il\
silicon aII(_)y systgr_n IS _shown in Fig. v < 1800
The solubility of silicon in thex phase T~
Is 5.3% at 850C and decreases with!zm lauu‘;
temperature. gm :
d 1400 €
O The eutectoid reaction at 555°C is ven . "

A
>

sluggish, so that commercial silicc
bronzes, which generally contain lgsswo
thar 5% Si, are single phas: alloys.

= 1200

1000

509, ] 2 3

Weight percent silicon

Copper-rich portion of the copper Silicon phasechan

L Silicon bronzes are the strongest of the work-hardenable copper alloys. They ha
mechanical properties comparable to those of mild steel and corrosiostares
comparable to that of copper.

L4

L They are used for tanks, pressure vessels, marine construction, and lygragisure
lines.
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Aluminum Bronzes

1800 2000

[ The maximum solubility of aluminum i : ~
the a solid solution is approximately 9.5% a4t j i|
at 565°C to form theo(+y,) mixture. 1000 1T

\ \ 1800
O Most commercial aluminum bronzés [+ \ \ -—~--——7

contain 4 and 11 percent aluminum. Those |
alloys containing up to 7.5% Al afe \ \ /
generally single-phase alloys, while thgse . g
containing between 7.5 and 11% alumin{ifn \ -1 /

are two phase alloys. Other elements su@hﬂﬂ

as iron, nicke