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INTRODUCTION TO PHYSICAL METALLURGY

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

—

work, recovery and Recrystallization.

Course Overview

The module provides a systematic overview of the major pplas of physica
metallurgy. Students successfully completing the moduld fave a critical
awarenes of how these principles relate to curren issue in exploiting structura

alloys in engineering applications.

Learning Outcomes

Upon successful completion of the module, students should be aeStoow a systemati
understanding of the role that crystal structures play in material preped Evaluate
critically the relevance of phase diagrams, isothermal transformdisgrams and continuot
cooling transformation diagrams to understanding real alloys and theirostrigctured
Display a critical awareness of the relevance of key areas, e.g. idiffuslefects
transformation type, to current problems in designing, processing and exglo#al alloys.
»Show a systematic understanding of the complex interplay between microsi

C

Ictur

processing and engineering properties in metallic materials.
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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 Propertiesd 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




MNon-Ferrous Metals

The Impact of Materials on progress

Audi Q5, 2009

From there to today’s
advanced modern cars

it possible?
Rubber Glass Battery Other

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

hat made

Tyres

Process Polymers
3%

Electrical
Parts
1%

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

8%



The Impact of Materials on progress

Powerful Engines

A4

L From Cast iron blocks to more compact, lighter and powerful engine blocks — Material
develobment 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

- o . S A - | synthetic rubber, variety of
L’/ S = T8O . - polymers, foams has providgd
] PO N ) ' WY new dimension and aesthetic
look to automotive interiors




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.



The Impact of Materials on progress

The Electronics Revolution Silicon — the heart of every electronic component

_. ==p \loving heater

e s e e e e

Invention high purity Si through zone
refining

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

1959- IBM Computer, 3:
feet long

1 0.5 0.07
micron micron micron

Sell . Integrated circuit (IC) or
Silicon chip

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



Apple | Phone

Display: This relies upon the combination of a liquid crystal
display and a touch screen for communication with the device! -
The touch screen is made from a conductive but transparent
material indium tin oxide, a ceramic conductor

Integrated Circuits: At the heart of the iPhone are a number
of integrated circuits (lcs) built upon billions of individual
transistors, all of which rely on precise control of the
semiconductor material, silicon, to which has been added
dopant atoms to change the silicon’s electronic properties.

Interconnects : Inter connect that provide the links betweel
components are now made of copper, not aluminium, for
higher speed and efficiency.

Wireless Microwave circuits need capacitors which are :
ceramic Insulators whose structure and composition is\ \
carefully controlled to optimize the capacitance.

Battery: The battery is a modern Li-ion battery where the atomic streicfuthe electrodes
Is carefully controlled to enable the diffusion of the Li ions.

Headphones: Most headphones use modern magnetic materials whose structure and
composition has been developed to produce very strong permanent magnets. Thisfia part
transducer that turns electrical signals into sound.




A General Classification

O The broad scientific and technological segments of Magiu& Materials

Science are shown in the diagram below.

 To gain a comprehensive understanding of Metallurgy, aééhaspects have to

studied.

be

METALLURGY & MATERIALS ENGINEERING

< Science of Metallurgy >

PHYSICAL

MECHANICAL

 Structure
* Physical
Properties

e Deformation
Behaviour

ELECTRO-
CHEMICAL

* Thermodynamics

e Chemistry

A4

e Corrosion

TECHNOLOGICAL

 Extractive
 Casting

* Metal Forming

* Welding

» Powder Metallurgy

e Machining




A Broad Overview

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

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

O Traditionally materials were developed keeping in view daia set of properties
and were used for making components and structures.

O With the advancement of materials science, materials great@d to perform the
role of an‘intelligent’ structureor amechanism

A good example of this would be applications of shapenory alloys
e they can be used to make deployable antennas (STRBE) or
e actuators (MECHANISM).

O Though it will not be practical to explain all aspects of thagitam (presented in
the next slide) in this elementary course, the overall pEgype should be kept at
the back of one’s mind while comprehending the subject.

O A point to be noted is that one way of classification does naslt with another.
E.g. from astateperspective we could havelauid which is ametal from the
band structureperspectiveOr we could have anetal (band structure viewpoint)
which isamorphos (structural viewpoint)




Entropic force
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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 materialjs 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 pOSSibl@olymers are often only partly crystalline.

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

 Based orBand Structureve can classify materials indetals, Semiconductors
andlnsulators.

= Based on theizeof the entity in question we céanocrystals, Nanoguasicrystg
etc.

S

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!




A Common Perspective

O 00

Let us consider the common typedofgineering 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 etcfjadtifrom one class to another, which in turn gives

—h

each class broad ‘flavour’ of properties.
e Like metals are usually ductile and ceramics atmlhghard & brittle factors in determining the
e Polymers have a poor tolerance to heat, while desaoan withstand high temperatu properties of materials

Bonding and structure are key

e Metals are opaque (in bulk), while silicate glassestransparent/translucent
e Metals are usually good conductors of heat andredéyg, while ceramics are poor in this asp

e If you heat semi-conductors their electrical conoity will increase, while for metals it will deease
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

/w\ responsible for this)

Metals Ceramics Polymers
& Glasses

Hybrids (Composites)




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 erystallography.

e



Common materials : with various ‘viewpoints’

Glass: amorphou

Ceramics

Crystal

S

Graphite

Metals

Polymers




Classes of property

Fconomic

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

L A materials scientist has to consider four ‘intertwined’ congeyhiech 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 sebotrties
* The material is synthesized and further made into a componenebypfosicessing
methods
(casting, forming, welding, powder metallurgy etc.).
= The (at varioudengthscalesis determined by this processing.

= The structure in turn determines the properties, which will @&dtet performance of the
componen

 Hence each of these aspects is dependent on the others.

Performance

.

Structure
A Y

| N The Itmoadl gyl of Metallurgy & Material
Engineering is to wmiiknsttamt ad ) mss
D this Tetrahedrom
Properties

Processing

The Materials Tetrahedron




J What determines the properties of materials?

» Cannot just be the composition!
= Few 10s of ppm of Oxygen in Cu can degrade its cotmty
» Cannot just be the amount of phases present!

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

U The following factors put together determines thepprties of a materi:
» Composition

» Phases present and their distribution
» Defect Structuréin the phases and between the phases)
» Residual stres@an have multiple origins and one may have todlaeross lengthscales)

U These factors do NOT act independent of one an@iiere is an interdependency)

Phases & Their
Distribution

A

Composition ! Residual Stress
Defect Structure

Hence, one has toaverse across lengthscalasd look at various aspects to understand the pgrepef materials



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

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



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)

U At the atomic level there is order only in the average senis€ ¥a0K) as the atoms are constantly vibrating about the
mean lattice position. Hence, in a strict sense the perfeleras missing (a). The unit cell level is the level where|the
atomic arrangement becomes evident (crystal structureloles) and concepts like Burgers vector emerge, b. Itfis at
this level that averaging with respect to probabilisticqEation of lattice positions in disordered alloys is madey/ (s
Nisy-Alg, alloy is defined by a 50-50 probability of Ni or Al occupyindattice position). At the grain level (c, whigh
Is a single crystal), there is nearly perfect order (as ttaesof atomic vibrations are too small compared to grain
scale); except for the presence of defects like vacanciglgcdtions etc. At this scale the material is also anigtrp
(e.g. with respect to the elastic stiffness, which is repmésd by three independent numbers; E;, & E,). Itis to be
noted that the Cu crystal may be isotropic with respect temgpnoperties. At the material level (d), assuming thaf the
grains are randomly oriented, there is an averaging of thgtielmodulii and the material becomes isotropic. At this
scale, the crystalline order which was developed at thadeael (c) is destroyed at the grain boundaries and there is
na long rang¢ ordel acros the samplt. Wher the materia is rolled or extrudec it will develoy a texture (preferre:
directional properties), which arises due to partial reoation of the grains. That is, we have recovered some gf the
inherent anisotropy at the grain scale. As we can see, cts1ofien get 'inverted' as we go from one lengthscale to
another.

(a) Thermal vibration (b) Unit cell of Cu | (c)GraBiructure - (d) Sapl of Cu

Traversing four lengthscales in a Cu polycrystal: schematic of the clgpogier and properties. a) instantaneous snapshot of a vibrating atom, b)
crystalline order (unit cell), c), grain level (single crystalisotropy) , d) the material level (isotropy due to randomly orientedsjr



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.




Questions?

What is Physical Metallurgy?

Give the broad classification of Materials?

Define Metal, Ceramic and Composite.

Define Macrostructure and Microstructure?

What is Grain and Grain boundary?

Give some of important properties of materials.

What is composite?

What is Bic-materials

What is smart materials?

10. Give some of the types of advanced materials a&apiplications.

© 0o NOoO OOk WDRE
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Introduction

cCoo0oo0 O

DO 0O

In order to understand the structure of materials and itsretation to property, we

have to start form the basic element of matter — The Atom

An atom consists of a nucleus composed of protons and nauaod 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

|sotopes 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 X¥3(Avogadro’s number) atoms or moleculs

Atomic weight = 1 amu/atom (or molecule) = 1 g/mol = Wt. of 63021 atoms
or molecules.

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

|=4

S

S




Role of atomic structure in materials

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

O The properties (whether mechanical, electrical, chenatadl of all solid materials
are dependent upon the relative positions of the atoms isdhe (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 interactionsosggy reflected in the
atomic structure. An example is diamond. Here the carbobecainteractions lead
to a very directional covalent bond called a3dmond which has tetrahedral
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 déineoa atoms are
arranged in a rather different structure and graphite hasdiferent properties t(
diamond!

O In other solid systems (for example many of the metallic €ets) the atomic
structure is dictated by how well we can ‘pack’ the atoms Biflbspace — ‘packing
efficiency’ — this leads to dense close-packed structuseseawill also discuss in
crystal structurechapter.

O So it is vital that to understand the properties of mateaall to improve those
propertie for example by addin¢ or removin¢ atoms we neec to know the
material’s atomic structure.

A

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...”




Atomic structure : The Bohr model

 Electrons revolve around a positively charged nuc

In discrete orbits (K, L, M

with specific levels of energy.

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

or n=1, 2, 3 respectivel

Limitations of the Bohr Mode

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 aroun

certain circular orbits

d




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/(H)*r]* x 1072

EE
=
=

200

0
0

1 i . ]

1.0 20 4.0 6.0

=l 7/,

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

47 £Q ﬁrﬂ

The Bohr radius, r = e



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.

f



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




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.

—

Hund’s nulke

O It states that, in order to reduce the electron-electronlsae energy, the number
of electrons of the same spin in p, d or f states should be marim




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(be| [t H[0e] (et [t te e [HIH N[N IHHIH] 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




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.
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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




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}as®3a® 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 [Hc]Es"Zp" 27 Co [Ar}4s’3ﬁ" | &1 Ag [Kr]ﬁ.ﬂ‘"‘dm

8 0 [He]2s*2p* 28 o [ArJastad” 48 cd [Kr]ssdd"®

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 [NCJ3523,??‘ i3 As [:\l’]‘isljdwq-j?j 31 I [KI]SS:MFHSPS
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 [r"c!‘Jq-.\‘: 3d'°4p® 56 Ba [xc]{“:

17 Cl [Ne]3s?3p® 37 Rb [Kr]3s' | 57 fa [Xe]6s*5d"
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*




lonization Potential, Electron Affinity, Electroneg ativity

O If sufficient energy is supplied, an electron in the outebi@ can break away
completely from the atom and become free. The energy radjicraemove ar
electron in this manner is known as tlumization potential.

 When the extra electron is attracted from infinity to theesudrbital of the neutrg
atom, is known as thelectron affinityof the atom.

O The tendency of an atom to attract electrons to itself duttegformation of bonds
with other atoms is measured by thiectronegativityof the atom.

—




Let us start by looking at the relative sizes of so

me ions in the periodic table

B ﬁ'c "N
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K Fr o

fL Hf Ta
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Eo ?di "Cu
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0.74 0.74 1.40| 0.72

0.35

1.10 1.04

OO, @

1.07

1.81

Values are: Pauling-Ahrens Radii in A




Atomic Interaction

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

[ Attractive force is due to electrostatic attraction betwetctrons of one atom and
the nucleus of the other.

O Repulsive force arises due to repulsion between electrmhgaclei of the atoms.

d The net force, f (Fig) acting on the atoms is the summation of attractive |and
repulsive forces.

O The distance, at which the attraction and repulsion forcesegual and the néet
force is zero, is the equilibrium interatomic distange, The atoms have lowest

energy at this position.

4 Attraction is predominant above and
repulsion is dominant belowy r

Attractive

Force

Vi Interatomic
&, -
’ Distance

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 N Ty

Energy

I
4-‘*.
-.

ool e}

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

Al 4



Atomic Bonding

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

O The types of bond and bond strength are determined by thaiexstructures of
the atoms involved.

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

 Atomic bonding can be broadly classified asppimary bondingii) secondary
bonding

ey

Primary Bonds Secondary Bonds

lonic Covalent Metalic Vanderwaals Hydrogen

O Majority of the engineering materials consist of one of &éhdsonds. Many
properties of the materials depend on the specific kind ofdband the bond
energy.

T~




lonic Bond

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

 Number of electron in outer shellis 1 in Na and 7 in Cl . ThereféNa will tend to
reject one electron to get stable configuration of Ne and iCla@cept one electron

to obtain Ar configuration.
1 The columbic attraction between Na+ and Cl ions thus fonmkdnake an ionic
bond to produce NacCl.

-

-
- o e, u R
[] . [ * @ L
L] ]
” .- : l-

d Some other examples are GaRCsClI, MgO, AlLO,




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 with
carbon atom and the carbon atom in turn shares one valerateoalevith each o
the four hydrogen atoms. In the process both H and C atoms tgéles

\V

—Y

configuration and form a covalent bond.
(=) (’\A .
(H ) - '

O Covalent bonds are formed between atoms of similar eleetgativity.

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

on



Metallic Bond

d In metals the valence electrons are not really bound to orteplar atom, instead
they form a sea or cloud of valence electrons which are shayeall the atoms|
The remaining electrons and the nuclei form what is calledidm core which is
positively charged. The metallic bond arises out of the mibiic attraction between
these two oppositely charged species — the electron clodith@ion cores.

%@0@0@0

Electrons

i ° ° o °
Ion
° ° ° ° |

e S/

0.-0.0.

®
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Electron cloud distribution in various kinds of bon ding

‘Sea’ of electrons

Metallic Crystal

O-0 0O 0 O

()OO OO0

Covelent Crystal



Characteristics of primary bonds

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

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

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

Are brittle in nature

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

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

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

Bond strength increases with atomic number as more electnos available t¢
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 provideltyagp the bonds ang

JJ

D

=

allows plastic deformation.




Vanderwaals bonding

Vanderwaals bonding between molecules or atoms arise dwedi attractior
forces between dipoles.

The natural oscillation of atoms leading to momentary bredakn of charge

symmetry can generate temporary dipoles.

q a+8_

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

Attraction
“

Induced dipole

An ion can also induce a dipo\@

Some molecules like HCI have permanent dipoles due to asymcale

arrangement of +ve and —ve charges.

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

S
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Vanderwaals bonding

d Van der Waals bonding is much weaker compared to primary $addond energy
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 vavekds bonds|.

Therefore, the layers can move easily over each other arsd itfparts the
lubricating property graphite is known for.

Covalent bonds

I I | . l
‘11 Van der WMaals bonds L

|
atoms

T

AR -4




Hydrogen bonding

O Hydrogen bond is a type of secondary bond found in molecut@staming
hydrogen as a constituent.

O The bond originates from electrostatic interaction betwkgdrogen and another
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

 Water molecules, for example, are connected by hydrogeds@ashed lines in
the picture).




Mixed bonding

O Many materials have a mixed bonding characteridbesveen covalent and ioni¢
bonding. Examples are as below.

= Oxides: % ionic bonding ~ 70%
= Nitrides: % ionic bonding ~ 40%
= Carbides: % ionic bonding ~ 15~20%

 Metallic-covalent Mixed Bonding: The transition rakstare an example where
s,p,d-bonding orbital's lead to high melting paints

Binding Energies of Bonds

Bond Type Energy (eV) | Energy (kJ/moje) Energy (kJ/njole
lonic ~5-15 (strong) ~500-1500 NaCl: 640
Covalent ~1-10 (strong) ~100-1000 Diamond: ~71p

Metallic ~0.5-8.5 (strong) ~50-850 Fe: 406
Hydrogen ~0.05-1.5 ~5-155 KO: 51
Van der Walls ~0.01-0.5 ~1-50 Ar:7.7




Concept of Thermal Expansion

The length of a bond is defined as the center-to-center rdist@f the bonding
atoms. Strong bonds pull the bonding atoms closer togetigisa have smallg

bond lengths as compared to weak bonds.

Primary bonds have lengths in the range 1-2 A (0.1-0.2 nmgoiSsary bonc
lengths are larger, in the range 2-5A (0.2-0.5 nm)

Some ambiguity in this definition arises if the element inesfion, exhibits

different crystal forms.

For example, the diameter of the iron atom is 248when it is surrounded by
eight neighbour in the BCC crysta and 2.54A wher it has 12 neares neighbour

in the FCC crystal.

S —4

r

4

If the inter-ionic separation is fixed,
means the atoms are stationary, and
can occur only at 0 Kelvin. Therefore tl
atoms are at their minimum energy,,

it
this
e

—

B Energy

and inter-ionic separatiog,rat 0 Kelvin.

[

Inter-ionic spacing ry, at 0 Kelvin.

The minimum energy E,, and equilibrium 7 =

My e

/ Inter-atomic spacing



Concept of Thermal Expansion

d As the temperature of the system is raised {pahd then further to J the solid
becomes consistent with the higher temperatures by hakimgons gain energy,
and vibrate with increased amplitudes. Therefore, as shawsgure(below), a;
T,, when the energy is Ethe ions are able to vibrate between the positions [‘A”
and “B”. Similarly, at T,, when the energy is J the ions are able to vibrate
between the positions “C” and “D”.

rr

Talh T2

Inter-atomic spacing ——

Effect of increasing temperature on the vibration of thesiamd hence on the inter-ionic separation. The
system is raised to temperaturg &nd then further to JI At T,, when the energy isEthe ions are able to
vibrate between the positions “A” and “B”. Similarly, at,,Twhen the energy is f=the ions are able to
vibrate between the positions “C” and “D” .



Concept of Thermal Expansion

O It is important to note from the Figure (previous slide) tithe midpoint betweep
“A” and “B”, which represents the mean inter-ionic distarateT,, is r; which is
greater thany This is a direct result of the fact that the solid curve inUfg is
asymmetric.

O It is therefore important to note that thermal expansion aas as a direct result
of the fact that the ‘E Vs R’ curve is asymmetric.

O It is also important to note that while the general approasaduhere can be
extended to many systems, the exact shape of the resultard obtained will
depeni on the details of the specific systen. In some¢ cases suct as cerami
materials, the resultant curve will have a very deep andomarrough, such
materials will have a very low coefficient of thermal exp@ams In other cases, the
resultant curve will have a shallow and wide trough, whicH vause the material
to display a high coefficient of thermal expansion.

A hypothetical solid, in which the E Vs R curve is exactly
symmetric. In this case when the temperature is raisedth..&

increases, and the amplitude of vibration of the ions inzeaut —\ kZ —
there is no thermal expansion since the mean inter-ioniamtie| ~ A\ tertneiepading, ——
is exactly the same at all temperatures g eesibend sl




Questions?

. Why are ceramics hard and brittle? Why are they not condefetiv
. Why is boiling point of methane (Cpilower than water?

. How many atoms are there in 1 g of copper?

. Why are some elements known as transition elements

. Why is Tungsten (74) much stronger than Aluminium (13) tHodmpth are

Define atom, electron, proton and neutron

State the Heisenberg uncertainty principle and Find thamum uncertainty ir
determining the position of a particle, if the uncertaintyts momentum\p = 10
30kg m st [Ans:1.055¢10%m]

What is Pauli’s exclusion principle.

Define a solid. Glass is not considered as true solid

Why are noble gases inert?

Whatis Lennar~-Jone potential’

Briefly explain the primary bonds in solids.

How do secondary bonds form? What is hydrogen bond?
Why is graphite lubricating?

metallic?




Questions?

15.

16.

17.

18.

19.
20.

Calculate the attractive force between two K+ and Br- iors st touch eac
other. Atomic radii of K+ and Br- are 0.133 and 0.196 nm refipely.

If the attractive force between a pair of Cs+ and I- ions i3X8.0° N and the
lonic radius of Cs+ is 0.165 nm, what is the ionic radius 0bhk?

Does the size of Na and Cl atoms remain same when they reacinoNacCl?
Give reasons for your answer.

If energy of an electron, E = - 13.6/mrV, find out the energy, wavelength a
frequency of the photon emitted for a jump from M to L shéll= 4.14 x 16%
eVs

Explain the arrangement of the elements in the periodietabl

Show that energy of an electron in hydrogen atom E¥rdet/nh? = - 13.6/r¢
eV

L
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Why study crystal structures?

d When we look around much of what we see is non-crystallgnganic things like
wood, paper, sand; concrete walls, etcsome of the things may have some crystalline parts!).

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

 Also, the usual form of crystalline materials (say a Cu wiragiece of alumina
IS polycrystalline and special care has to be taken to pmdingle crystals

O Polymericmaterial: are usually not ‘fully’ crystalline
O The crystal structure directly influences the propertiethe material

N

Why study crystallography?

 Gives a terse (concise) representation of a lasgemblage of species

O Gives the ‘first view’ towards understanding of fir@perties of the crystal

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



Platonic Solids

O In 387B.C. scientist called “PLATO” most famous student otfates thought that

whole universe is made up of five solids. Whole universe soge arrangement
of five solids named aBlatonic Solids

= Tetrahedron - 4aces -Fire ™ had T a
hilosophical thought:

= Hexahedron - @aces -FEarth e Gty s

= Octahedron - 8aces -Air > elements made up of
hese five solids

= Dodecahedron - 1faces -GOD

= |cosahedro - 20face: - Watel

O Inicosahedron, we will get best packing as for we concerBetlonly problem is
if we try to translate it in 3D we can’t get continuous struetuwithout any voids
left. This voids in crystallography is calleftustation.

O Long back people thought, it is not possible to have solidg wtosahedrot

~

—

Tetrahedron Icosahedron Dodecahedron Octahedron Cube



|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

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



Ideal Crystals — Real Crystals — Microstructures — Material - Component
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How to define a Crystal?

Crystal

A 3D translationally periodic arrangement of atoms in a spacalled a crystal.

Lattice

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

Sl
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What is the relation between the two ?

Crystal= Lattice + Motif

Motif or Basis
typically an atom or a group of atoms associatetth\wach 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 of points arrangement of motifs



What is the relation between the two ?

Crystal =
Lattice (Where to repeat)Viotif (What to repeat)

@@«¢1¢1¢1¢1¢

Lattice ) « ° ° ° ® ° »
<] a——>

Motif > ,\’ T l \‘,—/—> Note: all parts of the motif do neit onthe lattice point

Motifs are associated with lattice pointsthey need NOEIit physically at the lattice point



°°
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 arsdatsi@e points!




M.C. Esher : Art with Science

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







Interesting Fact...!

Monatomic Body-centered CsCl crystal
cubic (BCC) crystal

Corner and body centered have the sam@orner and body centered do not ha
neighborhood the same neighborhood

B¢

Lattice :  simple cubic

Motif : 1 atom 000 Motif :  Two atom CI(0,0,0)
Cs (Y2, Y2, ¥2)

Lattice: BCC

Ve




Why study symmetry..?

2 a

 Crystals are an important class of materials.

 Crystals (and in fact quasicrystals) are definesedaon symmetry.
The symmetry being referred to in this contextasmetrical symmetry.

d Symmetry helps reduce thiafinite’ amount of information required to describ
crystal into a finiteg(preferably smallamount of information.

1 One obvious manifestation of the symmetry inherent in atatyss the externé
shape of the crystal.

O Symmetry (in conjunction with other elements) halpsiefine an infinite crystal
a succinct manne

O In crystallography (the language of describing crystalsgmwwe talk of Symmetry;
the natural question which arises &/ mmetry of What?

 The symmetry under consideration could be of oeddhiowing entities:
» Lattice » Crystal> Motif > Unit cell
(these are distinct and should not be confused avithanother!)

Symmetry can be defined as, if an object is brought into self- coincidence after

some operation it said to possess symmetry with respect to th at operation.



Broad Classification of Symmetries

TranSIation Moves a point
Type | ROtation“ Does not moveapoink
Symmetries T S
Mirror |---iy Roto-
Type I \| reflection

Inversiont. | Roto-
inversior

O Certain combination of symmetry operators (without a ti@mmal component
can also leave a finite set of points and these are calleBdie Groups

» We can have point groups in 1D, 2D, 3D or nD in general.

O Certain combination of symmetry operators involving ttatisns can leave a
periodic array of (finite set of) objects in spacethe Space Groups

» We can have space groups in 1D, 2D, 3D or nD in general.

g




Translation

 The translation symmetry operatot) (moves an point or an object by
displacement or a distance t.

A periodic array ofpointsor objectsis said to posses translational symmetry.
O Translational symmetry could be in 2D or 3D (or in general.nD)

O If we have translational symmetry in a pattern then instdadlescribing the entirg
pattern we can describe the ‘repeat unit’ and the translagator(s).




Rotation AxIs

Rotation axis rotates a general point (and hence entiree}@aiound the axis by|a
certain angle
On repeated operation (rotation) the ‘starting’ point k@ set of ‘identity-point:
before coming into coincidence with itself.
As we are interested mainly with crystals, we are interestétlose rotations axe
which arecompatible with translational symmetss these are thé€l), 2, 3, 4, 6 -
fold axis.

If an object come into self-coincidence through smallesh-nero rotation
angle of 6 ther it is saic to have ar n-fold rotatior axis where;

JJ
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Rotational Symmetry

. 0=180C n=2 2-fold rotation axis
A 0=120 n=3 3-fold rotation axis
- 0=9C° n=4 4-fold rotation axi

0=60° n=6 6-fold rotation axis

The rotations compatible with translational symmetre= (1, 2, 3, 4, 6)

§‘> Crystals carmonly have 1, 2, 3, 4 or 6 fold symmetry



Examples of Rotational Symmetry

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

0 A L] ® @



Mirror and Inversion

O The left hand of a human being cannot be superimposed onghehand by mere
translations and rotations

 The left hand is related to the right hand bgnaror symmetry operatio(im)
O The right hand is called thenantiomorphic fornof the left hand

 Another operator which takes objects to enantiomorphienfois theinversion
operatofr(i)

_,,"'_'_7_ . _7_'_""\._\ /,-/7{ ) T . ..--"'____-____"“'--H -
RO O . a-L Inversion operatof
g N, N e .

.\‘\ ,w-‘"‘ ) .‘Il"‘. /':z B

| 1l ‘.I | l A | ! \".
-t | i |
| | : |
'!I\ m J,-"I‘ || D1 I|

\, /-" . // \.\ /

e . ® e \
S - . +R

Verti(;f I_\i;ljirror Horizontal Mirror S



Reflection ( or mirror symmetry)




Unit Cells (UC)

An unit cell (also sometimes causally referred to as a calla representative un
of the structure

v Instead of drawing the whole structure | can draw a representative part anfy shec¢

repetition pattern
The term unit should not be confused with ‘having one’ l&ttpoint or motif(The
term primitive or sometimes simple is reserved for that)
If the structure is dattice the unit cell will be unit of thathence will have point
only)

If the structurcunde consideratior is a crysta, ther the unit cell will alsc contair
atoms (or ions or molecules etc.)

v Note: Instead of full atoms (or other units) only a part of the entity may be eptes
the unit cell (a single unit call
The dimension of the unit cell will match the dimension of steucture; If the
lattice is 1D the unit cell will be 1D, if the crystal is 3D théime unit cell will be
3D, if the lattice isnD the unit cell will be nD.

If the lattice points arenly at the corners, the cell @imitive .

If there are lattice points in the cell other than the cornéhe cell is non-
primitive .

t

S




1D Unit Cell

O Unit cell of a 1D lattice is a line segment of lémg the lattice parameter
= this is thePRIMITIVE UNIT CELL (i.e. hasonelattice point per cell)

Each of these lattice points contributes half tckatpoint to the unit cell

—

Primitive U> I I ° {:.,\ N l:il\ . . . ° . L
d

Unit Cell

Contributions to the unit cell: Left point = 0.5,iddlle point = 1, Right point = 0.5. Total =

. (o) , (e} (o) . . . . .
Doubly Non- | - - -
d

primitive UC Unit Cell (non-primitive)

Triply Non- L . . . L] . L] . .
rimitive UC L—J N i P
: a Unit Cell (non-primitive)

2




1D Unit Cell

O Unit cell of a 1D crystal will contairMotifs in addition tolattice points
= The only kind of motifs possible in 1D are line segments

= Hence in ‘reality’ 1D crystals are not possible as Motifsitgily have a finite
dimension (however we shall call them 1D crystals and use them| for
illustration of concepts)

. Though the whole lattice point is
"""" shown only half belongs to the UC
Each of these atoms contributes ‘half-atom’ touhi cell /'H } \ ”

bmr C E’.H

; Though this is the correct unit cet-

(5—€ )+ Often unit cells will be drawn like tHis

O Unit cell in 1D is described by (one)lattice parameteia




2D Unit Cell

|1~4

 Some aspects we have already seen in>1but 2D many more concepts can be
clarified in 2D

O 2D crystal = 2D lattice + 2D motif

O Unit cell in 2D is described by lattice parameterst, b,a b A

 Special cases include: a =a = 9C° or 12(°

O Unit Cell shapesin2D -  Lattice parameters

» Square -~  (@=Db,a=90)
» Rectangle -~ (a, b,a=90)
» 120° Rhombus -~ (a=b,a=120)

» Parallelogranfgeneral)- (a, b,0)




Rectangular
lattice

a

Note Symmetry of the Lattice or the crystal is not @&teby our choice of unit cell!!



How to choose a unit cell?

O Symmetry of the unit cells should be maximum
 Size of the unit cell should be minimum.

 In this case the primitive (square) and the non-primitiveasg cell both have the

same symmetry, but the primitive square cell is chosen assitlie smaller size

@) o o Q Q @] Q o
© (@] O] © o O o
o o

_Doubly Non-primitive Cell

O © @] (0] (@]

O

This is nothing but a
° e . . o o square lattice viewed
Primitive Cell at 454
Q 0]

o o @]
o 0] O] O o
o © o o o] @] o

O o o o] Q Qo @] O

Centred square lattice = Simple square lattice




How to choose a unit cell?

O The primitive parallelogram cell is not chosentdsas a lower symmetry
= The lattice has 4-fold symmetries as shown
= The square cells also have 4-fold symmetry
= The parallelogram cell does NOT have 4-fold symmefoynly 2-fold — lower

symmetry)

@ ® ® ® ® ® o ®

© © © © © © © 4-fold axes
® ® e o e o ® ° :

Doubly Non-primitive Cell E

e 5 s 5] e © 5]
e o 3 (6} ® o) ®

@ ) o) ) e ., o 5]

Primitive Cell

° ° ‘ ’ ° S ° 2-fold axis

© o e S o
® o o o ® o o E

) o ) o — %

Pmmmve C ell e |

© ° 4—f0]3__axes ° (w/uch Iy convenlwnalh not chosen) Note these are symmetries of the UC

o e Ml ® ° ﬁ and not of the lattice!
@ 5 M . o ° o



3D Unit Cell

O In order to define translations in 3-D space, we need 3 n@aoar vectors

O Conventionally, the fundamental translation vector isetakrom one lattice point
to the next in the chosen direction

 With the help of these three vectors, it is possible to cowsta parallelopiped
called a UNIT CELL

 Unit Cell shapes in 3D

» Cube . (@=b=ca=p=y=90)

» Square Prisi - (@a=bzc,a=p=y=9C)

» Rectangular Prism - (azbzc,a=p=y=90)

» 120 Rhombic Prism - (@=bzc,a=p=90,y=120)
» Parallopiped (Equilateral, Equiangular)- (a=b=ca=p=y#90)

» Paralleogramic Prism - (azbzc,a=y=90 £[3)

» Parallopiped (general) . (@azbZc,azpB#Y)

Some common names of unit cells are given-headternate names are also used for these cells



Point groups & Space groups

Symmetries actin
at a point

symmetries acting at a poi

R [

R

A

\¥J

32 point groups

F

Point group symmetry
of Lattices— 7

The7 crystal systems

Along with symmetries

having atranslatiol

y

230 space groupi

symmetries not fixed at a poi

Space group symmetry |of
Lattices—14

Thel4 Bravais lattices

R + R — rotations compatible with translational symmettyZ, 3, 4, 6)




What are the symmetries of 7 crystal systems?

O We have stated that basis of definition of crystals is ‘syrmmpend 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 actuskary

Crystal System Symbol  Characteristic Symmetry

Cubic Four 3-fold rotation axes
Hexagone . One ¢fold rotation axi
Tetragonal (only) one 4-fold rotation axis
Trigonal ’ (only) one 3-fold rotation axis
Orthorhombic . (only) Three [ 2-fold rotation axis
Monoclinic . (only) one 2-fold rotation axis
Triclinic None

%4



Symmetry of cube

1
|
I

\
A

------ -4 e

[
[
|
I
[
|
SR, ISP I
¥

4-fold axis 4-fold axis
Three 4-fold axis ) »
s Fd
. ’ 4
Pink /z*\ ’,/‘.\.
: = L7 ; e 3-fold axi
. ' S 3dfold axis R -fold axis
RS - \ / - - L7
~ AY £ 1
Blue =~ -~ A /f ” 4 P < ’
~ -
3-fold DNV
” f \\' ~ '
v ~ i
I, A ~ M P s
- / A ~ ,
~ .
s Vs ! ~ e
e \ o 7
Yellow Four 3-fold axis \
4 TN
4-fold ) SO
R T ; . 2-fold axis
ad 2-fold axisp="—s —— ) /
/ N ; 7
- // ™ A ! s
p Y \ Il . rd
. /| ~ \\ i s
p , o _: A Ly
N S YA T
4 AN A
s /g N
Fd \ ~
Vi v f ~
s s / AN
// ’ / A ~
7/ - ,,f/’/ f h . B
s . !
Six 2-fold axis




Crystal Structures (or) 14 Bravals Lattices

|A Symmetry based concépt [‘Translatioq’ based concdpt
Crystél System Lattice Parameters Bravais Lattices
P| I |F|C
1 Cubic (@=b=ca=pf=y=90) v | v | Vv
2 Tetragonal (a=bzc,a=p=y=90) v | v
3 | Orthorhombic (@azbzc,a=p=y=90) vV IV v |V
4 | Hexagone (@=bzc,a=pB=9C,y=120) 4
5 Trigonal (@=b=ca=p=yz90° v
6 | Monoclinic (azbzc,a=y=90 %) v v
7 Triclinic (azbZzc,aZPB#Y) v
P Primitive
I Body Centred
F Face Centred
C A/B/C- Centred




Bravais Lattice : various viewpoints

A lattice is a set of points constructed by translating alsipgint in discrete step
by a set of basis vectors.

In three dimensions, there ark! unigue Bravais lattices (distinct from one
another) in three dimensions. All crystalline materialsognized till now fit in one
of these arrangements.

In geometry and crystallography, Bravais lattice is an infinite set of point:
generated by a set of discrete translation operations.

A Bravais lattice looks exactly the same no matter from wipoimt in the lattice

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

Bravais concluded that there are ol possible Space Lattices (with Unit Ce
to represent them). These belong/tGrystal systems.

There are 14 Bravais Lattices which are the Space Group s{mesnef lattices

S

JJ

lls
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1 Cubic Cube

N |
<\

1

)

b

( B
VY e

va

P

-

a:ﬁ:y:900

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/

| , .
| a
a
V4
rF 4
F 4
Y 4
r 4
V4
F 4
F

a=Dbzc

a:ﬁ:y:90°

» Elements with Tetragonal structure In, Sn




Orthorhombic

Rectangular Prism (general height)

<\'U
<\
\

A/
I8
-/

/-

One convention

a<b<c

Note the position of
‘a’and ‘b’

A a7

;LY

A/
I

= Elements with Orthorhombic structure Br, Cl, Ga, I, Su




4 | Hexagonal

120° Rhombic Prism

a=Db#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 somewher&éniddle?)



Trigonal /
Rhombohedr

a|| Parallelepiped (Equilateral, Equiangular) | v

o

a

Note the position of the origin
and of‘a’, ‘b’ & ‘c’

a=b=c

a=LF=yz90°

» Elements with Trigonal structu
— As, B, Bi, Hg, Sb, Sm

re




b

Convention

as the 1

Wly b is chd
nique ' axis

E)‘ 37

a
/-

SEH

One convention
a<b<c

azb#c

a=y=90°zp

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 v v
Notefhe position gf a, b, ¢ Notefhe position gf a, b, c

lly b is che

nigue ’ axis

a
/'

A&



Triclinic

Parallelepiped (general)

=)

SV

azbzc

aztLEYy




If the definition of Crystals is based on symmetry and the
existence of 7 crystal systems is also base on symmetry; then 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 clarification

O Though the definition of crystals (e.g. cubic crystals) lsased on symmetry ar
NOT on the geometry of the unit cell it is true that if vedready have cubic
crystal it is mostreferred/logical to use parameters like=b =c, a= = y=
90°

O The next slide explains as to why a set of coordinate axis isemoeeferred for

certain geometrical entities using the example of a circle




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
/ \ (¥)? +(y)? =T
\ > The circle is described equally well by the three

Polar coordinates( 6)

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

\J 4

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



Preferable way to represent a crystal system

Symmetry w===Crystal Systemm wsss§>onventio nal unitcell

Symmetry operation

Used as UC for crys

tal: LatticeaReeters

4 A Cubic (@a=b=ca=p=y=90)

1 - Tetragonal (a=bzc,a=B=y=90)

3 . Orthorhombi (@azb#c,a=p=y=90(°)

1 . Hexagonal (@=bzc,a=B=90,y=120)

1 A Trigonal (@=b=ca=p=yz90°)

1 . Monoclinic (@azb#c,a=y=90 £[)
None Triclinic (@azbZzc,aZpBZY)




Why are some of the entries missing...?

Cubic system Bravais lattices
1. Cubic P I F?

2. Tetragonal P |

3. Orthorhombic P | F C
4. Hexagonal P

5. Trigona P

6. Monoclinic P C
7. Triclinic P

» Why is there no C-centred cubic lattice?
> Why is the F-centred tetragonal lattice missing?
> .2




Why not End centre cubic...?

Is this correct way to look...? Why



Cubic F equal to Tetragonal | ...?

e ZTe ]

O

M

B

L

e

Really Cubic F = Tetragonal ???



o

6\

IMPORTANT

CrystalsandCrystal Systemare defined
based orsymmetry

& NOT
Based on the Geometry of tUnit Cell

J

Example
JEAETIS

(.
Cubic Crystal
» DoesNOTimplya=b=c& ==y

6 It implies the existence dbur 3-fold axis in the structug,

v



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 Crys@

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!!) /




Tetragonal symmetry and Cubic symmetry

- N

Ob

)

Cubic C = Tetragonal F Cubic F # Tetragonal

If you try to make End Centered Cubic, the symmetry of cubit va lost and it will be
turned into tetragonal




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@




NaCl Crystal Structure

Face Centred Cubic (FCC) Lattice  Two lon Motif

Na'

o

PR

o
)
J .
4 :
- " -

)

W¥af

o

O

Q

N

Cl-lon at (0, 0, 0)

ClI'

O

Na* lon at (%2, 0, 0)

Na"
O

ﬂNOte: This is not a close paCked Cryﬁ]StaHas a paCking fraction of ~0.Ging rigid sphere model)




Diamond Cubic Crystal Structure

Face Centred Cubic (FCC) Lattice  Two Carbon atom Motif
(0,0,0) & (¥4, Ya, ¥a)

. / 5

° o

/ Diamond Cubic Crystal

Tetrahedral bonding of C ~ o

(sp? hybridized)
73‘ ) C

All Atoms are Carbon

It requires a little thinking to convince yours#iat (coloured differently for better visibilitv}
the two atom motif actually sits at all lattice pts!




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



The answer is NO!

Not all carbon positions
form a lattice



As atoms A & B do na
have identical
surrounding both cannot
be lattice points




Crystal = Lattice + Moti1|

Grey atoms sit on the
lattice positions

Motif = 1 grey + 1 green

(in positions as shown)

Motif for the ™\ _
Graphene Crystal




—— —
——

—
e -

Graphene Crystal Primitive unit cell

Contribution of 1 from the corners




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




MILLER INDICES

J PLANES
J DIRECTIONS

From the law of rational indices developed by French Physicist amelalogist
Abbé René Just Hally
and popularized by
William Hallowes Miller




Miller Indices

Miller indices are used to specifiirectionsandplanes.
These directions and planes could béaitticesor in crystals

= (It should be mentioned at the outset that special care shibalgiven to see
the indices are in a lattice or a crystal).

The number of indices will match with the dimension of theid¢&t or the crystal;
in 1D there will be 1 indexand2D there will be two indicesgtc.

Some aspects of Miller indices, especially those for plaaes not intuitively,
understoo anc hence some time has to be spen to familiarize onesel with the
notation.

Miller Indices Miller Indices

Directions Planes Lattices Crystals




Miller Indices for directions in 2D

(4,3)

(0,0)

5a+.3b.

———————————————— o

Miller indices— [53]



Miller indices for directions in 3D

O Avectorr passing from the origin to a lattice point can be written as
dr=rja+rb+r;c
O Where,a, b, c — basic vectors

r=ra+r,b +r,C

(] Basis vectors are uniattice translation vectorarhich define the coordinate axi

(as in the figure below)
 Note their length is not 1 unit! (like for the basis vectorsaafoordinate axis).

Sl




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

[001] [011] Memorize these
Z
[101
Y11010] ]
[100 Body diagonal
116
X B [110] 11]
Face diagonal

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



Possible coordinates in 3D

[+ + ] [+ -

-+ 4] -+

If you have confusion while selecting origin in atdge indices refer this figure




Family of directions

A set of directions related bgymmetry operations of the lattice or the cryssa
called a family of directions

 Afamily of directions is represented (Miller Index notatjaas:.<u v w>

Index Members in family forcubic lattice Number

<100> | [100],[100],[010],[010],[001],[001 3x2=6

<110> [110],[110],[110],[110],[101],[101],[10],[101],[011],[011],[011],[011 | 6X 2 =

12
<111> | [111],[112],[111],[111],[111],[211],[11][111] 4 x2 -8
B
p
the ‘negatives’
Alternate S
Symbol symbol (opposite direction)

[] — Particular direction
<> I[1] —> Family of directions




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)

J Find intercepts along axes 231

] Take reciprocal*> 1/2 1/3 1

1 Convert to smallest integers in the same rati@ 2 6
1 Enclose in parenthests (326)

*The reciprocal procedure avoids the interceptwofor a plane parallel to an axis, by making it O



Important Planes in 3D represented by Miller Indice s (cubic lattice)




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

Divides the tace diagonal into 2 parts
Divides the edge into | part .~

> /
Intercepts— 1 co Intercepts— 1 1w
N

Plane— (100) Plane— (110)
Family — {100} — 6 Family — {110} — 6

Intercepts— 111 to|3 parts
Plan_e_’ (111) / The purpose of using reciprocal of
Family — {111} — 8 e intercepts and not intercepts

(Octahedral plane) ’ themselves in Miller indices becomes
clear — the « are removed



Summary on planes and directions

L Unknown direction— [uvw]

- Unknown plane— (hkl)

1 Double digit indices should be separated by commd42,22,3)
- In cubic lattices/crystals [hKI]I (hkl)

Interplanar spacing (g) in cubic dmbic lattice g
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




Note...!

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

Cosa+ CodfB+ Coy=1

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 additiandiex)

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

iInformation regarding interplanar spacing. E.g.dcubic,amce_ a
hkl _\/h2+k2+|2
Z
A
4—'}{
alf B
/ Y » Y




Hexagonal crystals — Miller-Bravais Indices : Planes

d

d

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

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 of a faatijirections or planes have a
set of numbers which are identical

» the fourth index represents the ‘c’ akisto the basal plane)

Hence the first three indices inja =~~~
hexagonal lattice can be permuted td - Z‘
get the different members of a family; " Related to ' index
while, the fourth index is kept 15
separate. &

N - / ) a2 /\
Related to ‘i"Index % “m./\ Related to ‘K’ index

Related to ‘h’index



Hexagonal crystals — Miller-Bravais Indices : PLANES

A

Intercepts— 1 1 - Y20
Plane— (112 0)

(h ki)
i =—(h + k)

g

directiors.

In general three indices point is denoted as miller indices i.e., (h k |). Bxaidpenal crystals we
are using 4 indices point is denoted by miller-bravais indices i.e., ()knd use of the 4 inde
notation is to bring out the equivalence between crystallographically eqnvgllanes anc

\V

——




Hexagonal crystals — Miller-Bravais Indices : PLANES

Ay

-
..
.
.
..
.
.
..
e
..
..
..
-
-
-
-

Ao

-
-
-
-
-

-
-
-
-
-

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

Intercepts— w01 -1 «
Miller — (0 10)
Miller-Bravais— (0 1 1 0)

Obviously the ‘green’ an

‘blue’ planes belong to the
same family and first three
indices have the same set of
numbers (as brought out by the
Miller-Bravais system)



Hexagonal crystals — Miller-Bravais Indices : PLANES

A3

>

1
/
1
/
!
1
/
| 4

.

Intercepts— 1 -2 -2 o0 d,q Intercepts— 1 1 - %

Plane— (2 11 0) Plane— (11 2 0)

N



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)




Hexagonal crystals — Miller-Bravais Indices : DIRECTIONS

Drawing the[1120] directior

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

S ~ -

Bravais indices can bg determined as in the table - = - -
Drawing the [1Q@ O] direction
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Hexagonal crystals — Miller-Bravais Indices : DIRECTIONS

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

[3030]

U=u-t |V=v-—-t
W=w

[0330] [2110] 13300]
4 I 4
t=—(u+v) >
A:l_.u." ‘*’ ) .-..
[3300] [1120] [0330]
= Directions in the hexagonal system can be expressed in many ways
»= 3-indices:
By the three vector components alongaaand c:
roww = Ua + Va, + Wce
= In the three index notation equivalent directions may not seem : 13030]
equivalent; while, in the four index notation the equivalence is o
brought out.




Directions [ Planes

[ Cubic system(hkl) O [hkl]

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

 Orthorhombic system
[100] J (100), [010] (010), [001]C1 (001)

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

 Monoclinic system[010] I (010)
 Other than these a general [hkl] is NOThkl)




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 this figure
we are considered one corner and drawn 3 ljnes
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.

1”4




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. ,_,,,.;- ---@,

3




Average number of atoms per unit cell

Position of atoms

Effective number of atoms

SC

8 Corners

= [8 x (1/8)] =1

BCC

8 Corners
+

1 body centre

=[1 (for corners)] + [1 (BC)] 2

FCC

8 Corners
+

6 face centres

= [1 (for corners)] + [6< (1/2)] =4

HCP

12 corners (6 bottom+6 top)
+

2 atoms at face centers
+

3 atoms In the interior

=[12x (1/6) ] + [2x (1/2)] + [3
(interior) ] =6




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. Volumeofabms
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
Volumeoftleunitcell

APF =

1><4|‘|r3 4|‘|r3 AT
APF =__3 =3 =211 100= 052=52%

it

a®  (2r)® 24




Atomic packing factor

Body Centered Cubic

In body centered cubic structures the center atom touchar:
the corner atoms as shown in Figure

a1

From the figure i

c’=b%*+a® - c?=2a*+a? b’ =a’+a®=2a°

2
c®=3a’ - (4r)’=3a° > r? =3
16

3a 4r = I I
r= V3 a= r = atomic radius

4 ' /3| @ a=lattice parameter

4 3 2)(& \/éaJ?)
2X§I_|r B 3“[ 4 :8X3\/§|_|a3

APF = =
a’ a’ 3x 64a’

APF =0.68(or)68%




Atomic packing factor

Face Centered Cubic

From this figure; first we can calculatV 9

atomic radius:

2a’ \

(4r)y>’=a*+a® - 16r>=2a% - r? T ﬁa\
a2 & _ 4 _ 2 44,*-:
r = = a= - 4r =+ 2a
4 22 V2
3
4 _ 4 a
4X—rll' 4"“() 3
gt T glilo2 ) 1ex2y2ad
APF = - = > = -—=0.74
a a 3% 64a

APF... = 0.74(or)74%




Atomic packing factor

Hexagonal Close Packed Structure 5 :
AJ‘ !
Consider any one triangle p
Let us considenAOB,; - o
‘P’is center of triangle /.Q\
APOB - Tetrahedron c ,}.D :R'
a/IidE 1 Lie
In theA AYB TR
Cos30° =% AN\
a—f
The distance between any neighboring atoms
Is ‘a’ from the figure ‘AB’ = a
AY=ABcos300=a—‘2@ AR
From the figure ‘AXx’ is orthocenter; so, "
Ax=2 Ay =238 _ 2
3 3 2 3

I ] ——=i



Hexagonal Close Packed Structure

ConsiderA APx

(AP)* = (AX)” +(xP)"

AvgnoofatomsprunitcellxVolumeofaatom
Volumeofteunitcell

APF =

6><4|'|r3
APF = 3

Volumeoftieunitcell

In cubic a=b=c, so volume i@  but in this casis H.C.P so here a#b

Volume of unitcell = Area of base of hexagowaiieight




Hexagonal Close Packed Structure

Volume of unitcell = Area of base of hexagowadeight

Volumeofurnicell = 6x areaofNAOBxc

Volumeofurtcell = GX%XOBX AY xcC

Volumeofurtcell = 6><1xax av'3 xczcazﬁ
2 2 2
xgﬂr3

APF =
ca23£
2
LA a’
[T —[1x—
APR=— " 33@ - 22}_0'74
X
CaZT ca® —— ) ¢

APF, ., = 0.74(0r)74%




Summary on PACKING FRACTION / Efficiency

PackingFraction=

Volumeoccupiedoy atoms

Volume of Cell

SC BCC* CCP DC HCP
Relation between atomic radius (r) | a=2r J3a=4r J2a = 4r ﬁa —o | AF 2r
and lattice parameter (a) 4 c=ar \E
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 n N Vo Jamr | o
6 8 6 16 6
~0.52| ~0.68 ~0.74 ~0.34 ~ 0.1

* Crystal formed by monoatomic decoration of the lattice



Density

O The usual density is mass/volume

L 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]
» Planar(Areal) densitymass/area [kg/fh
atoms/area [/d or number/area
area occupied/area fim?]
» Volume densitymass/volume [kg/F]
atoms/volume [/if] or number/volume
volume occupied/volume [fim?]

O The volume occupied/volume of spacem?] is also called theacking fraction
O In this context other important quantities include:
» Length/area [m/@ - e.g. length of dislocation lines per unit areandéiface (interfacial dislocations)

» Length/volume [m/rf] - e.g. length of dislocation lines per unit volumeterial
» Areal/volume [M/m3] - e.g. grain boundary area per unit volume of makteria

O The ‘useful’ way to write these quantities iSNQ@T factor out the common terms: i.e. writ
[m/m3] ‘as it is’andnot as[1/m?]

L4

e




Linear density

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

Numberofabmsonthedectionvedtor

LinearDensty =
4 Lengthoftredirectionvector

<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

LDyy1q =

This is the most densely packed direction in th€Faitice




Planar(Areal) density

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

Numberofabmsonaplae
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 — 2 — \/E \/2"
(110) a\/éa az c

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

= 2
;x/iaXx/Ea\f V3a

PDyyy) =

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



Theoretical (Volume) density

Theoretical density calculation from crystal strucure

nA

VeN4| n = number of atoms in the unit cell
A = atomic weight

V< = Volume of unitcell

N, =Avogadro’s number (6.02810%3

Theoretical densitjf =

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

4x26.98

= =2.697g/cc
> (4.05x107°%)°x6.023x10%° 2




= A
s

BCC

Atomic Density (atoms/unit area)

(100)

(P
L

(110) (111)

k8

(poe

a

(DA )

Only atoms whose centre of mass lies on the plasieded




Atomic Density (atoms/unit area)

SC FCC

BCC

(100) | & =1/ 2l =2/

1/ =1/

(110) | 1/(&V2) = 0.707/a |V2/2 =1.414/3

V2l =1.414/a

(111) | 1/(V3&) = 0.577/a | 4/(V3&) = 2.309/4

1/(V3&) = 0.577/a

Order| (111) <(110) < (100) (110)<(100)< (111D

(0L£1100) < (110)

1 Only atoms whose centre of mass lies on
plane included.

In the BCC crystal, the (111) plane partig
Intersects the atom at the body centre (¥2,%2,%
This atom is excluded from the calculation
above.




oloein®® Closed Packed Structures : 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

&

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 laye
with close packed direction:s
(like <1120> directions

» As we shall see this become
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

r

J7




Closed Packed Structures : HCP

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

HCP
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




Structure -Property Correlation

Aluminum (Al) is ductile while iron (Fe) and magnesium (Mg) are not. Thia ta
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 cdlfedStip can
broadly be visualized as sliding of crystal planes over one another. Slip occuneii
densely packed planes in the most closely packed directions lying on that plane.

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} plands.ot
thest plane: contain: three closely packe( <11C> direction:. Therefore there are 4 x 3
=12 slip systems

In HCP, the basal plane, (0001) is the close-packed and it contains three <1

directions. Hence, number of slip system=1x3=3

Slip in more number of slip systems allows greater plastic deformésbore fracture

imparting ductility to FCC materials.

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

BCC structure on the other hand has 48 possible slip systems. However, timer
close-packed plane. Hence, plastic deformation before fracture is not camifSlip

—

AC

1 0>

might occur in {110}, {112} and {123} planes in the <111> directions.




VOIDS IN CRYSTALS

We have already seen that as spheres cannot fill entire spadlke packing
fraction (PF) < 1 (for all crystals)

This implies there are voids between the atoms. Lower thddffer the volume
occupied by voids.

These voids have complicated shapes; but we are mosthestéetl in the larges

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

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

In the close packed crystals (FCC, HCP) there are two typesid$ - tetrahedra

and octahedralvoids (identical in both the structures as the voids are forn
between two layers of atoms)

In the ‘BCC crystal’ the voids do NOT have the shape of the lagetrahedron o

A\ 4

ned

-

the regular octahedron




Void In Simple Cube

The simple cubic crystal (monoatomic decoration of the snqubic lattice) has
large void in the centre of the unit cell with a coordinatiammber of 8.

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

around a atom sitting in the void)

JJ

—

%=(\E—1)= 0.732

.

-

>

Actual shape of the void (space)!

o ——

True Unit Cell of SC crysta Polyhedral model (Cubs

= | ater on we will talk about tetrahedral and octahedral

voids in FCC, BCC & HCP crystals:
= note that there afdO such tetrahedral and octahedral

voidsin SC crystals and the only polyhedral void is
CUBIC (i.e. coordination number 8J




Voids in FCC
‘/\b

Tetrahedra Octahedra

o

O

Ys way along body diagonal At body centre
{Ya, Ya, Ya}, {Ya, Yo, ¥} Y5, Vs, Y2}
+ face centering translations + face centering translations

1 1 .
\/tetrahedran - ﬂvcell [oig ! Tatom= 0.225 Voctahedron_ 6Vce|| Noig / Tatom = 0-414

Note: Atoms are coloured differently but are the same

FCC = CCP



Voids in FCC

O Actual shape of the void is as showr
below. This shape is very completed and
we use the polyhedral version of the void-
I.e. tetrahedral and octahedral voids.

Actual shape of void




FCC- Octahedral

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

_—"_F‘_'— - _Fr__,,-"-
—_ —

Site for octahedral void

/ o B
- — < o - - - =

(s, v, Vb +{¥52, Yo, 0} = {1, 1, 5} £ {0, 0, ¥4} | | |
: e : »Equivalent site for an octahedral void

Sm—_——"

Face centering translation

Note: Atoms are coloured differently but are thenea




itial |

There is one octahedr
site at the centre of th
FCC cell (Y2,%2,%2 anc
one on each of the twel
cell edges (¥2,0,0).

There are eigh
tetrahedral sites Iin th
FCC unitcell (¥4,Y4,Ya.

FCC voids Position Voids / cell Voids / atom

Y4 way from each vertex of the cube

Tetrahedral along body diagonal <111> 8 2
= (Y4, Ya, Ya))

* Body centre: 1 (Y2, Y2, ¥2)

Octahedral 4 1
» Edge centre: (12/4 =3) (¥, 0, 0)




Size of the largest atom which can fit into the tet  rahedral void of FCC

The distance from the vertex of the tetrahedron to the centroid (DT) is st@ndie spanned by
radius of the atom and the radius of the interstitial sphere.

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

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

J6

DT =—e=r+X e=2r NP =1 +x
2

In tetrahedron ABCD

A
In triangle ABC AD? =¢*= AO’+ DO
, ; \ 5 ) 2
& ==+ AM? &= + DO DO = e\ﬁ
e 2 3 3
0N v =3 e DT =>DO
2 4
B \ t’ AO = 2 AM = 2@ - & 3[2 6
M 3 € \/§ DT = Z :—3 e= —4 €



Size of the largest atom which can fit into the Oct  ahedral 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

x/ia:4r
X=(J2-1)~0414

r



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 send@aar void’
— an sphere of correct size sitting in the void tashbnly two of the six atoms
surrounding it

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




Voids in BCC Crystal

a
>

Distorted TETRAHEDRAL DistortedOCTAHEDRAL™

O\)
@ 9

1

[/ F
i -

Coordlnates Of the VOId: ...................... . -
{14, 0, ¥} (four on each face) [ e i, Coordinates of the void:

lllustration on one face only
** Actually an atom of correct size touches only the top and bottom atoms



Tetrahedral interstitial

There is one octahedral si
on each of the six BC(
cell face: (¥2,%20) anc one
on each of the twelve ce

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

al

edges (¥2,0,0)
BCC voids Position aslle SO Rielle 5
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 tetrahedra | void

. a BCC: DistortedTetrahedral Void
\ -
4
aval2 4
o
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—1 = 029
4 /3 r 3



Calculation of the size of the distorted octahedral void
Distorted Octahedral Voi(#l
J2a

a
OB=—=0.5a OA=——=.707a
2 2
As the distance OA > OB the atom in the void
B touches only the atom at B (body centre).
a/3/2| = void isactually a ‘linear’ void*
440 This implies
I a
A OB=r+x=—
2
r+x—— BCC:+/3a=4r
23
X [ 243
* Point regarding ‘Linear Void’ — = i —1 — 01547

» Because of this aspect the OV along the 3 axebe&an I
differentiated into OY, OV, & OV,

= Similarly the TV along x,y,z can be differentiated



Voids in HCP Crystals

TETRAHEDRAL OCTAHEDRAL

This void extends across 3
conventional unit cells and
hence is difficult to visualize

Coordinates : (0,0, %), (00,%), (%, %, %), (%, %, %) Coordinates('s 7,Y4), (5,%5.%4)

» These voids are identical to the ones found in FBGCideal 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 lvdlassumeghithout stating the same explicitly)

Note: Atoms are coloured differently but are the same




Voids in HCP Crystals

- -

Further views

V)

Octahedral voids

Tetrahedral void

Note: Atoms are coloured differently but are the same




Summary of void sizes

rvoid / Iratom

SC BCC FCC

Octahedral (CN = 6) Notpresent (nor?—lrlesgilar) 0.414
T?(tir Iillhze if)al erpresen (non(?éi;ular) 0225
(((;:ﬁ b:ic8) 0.73; Not preser Not preser

Voids should not be confused witlacanciesvacancies are due to missing ato

or ions in crystals.

Holesshould also not be confused with voids- holes are ‘missiegtedns’ from

the valence band of a solid.

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

Sometimes, as in the case of ‘octahedral void’ in the BCC-dbeond neares

neighbors are also included in constructing the coordmngtblyhedron.

ms

)
—~t




Questions?

What is unit cell? What is lattice parameter?

What is Bravais lattice? How are the Bravais lattices ole@iftom the primitive
cell? How many types of Bravais lattices are there?

Draw two adjacent FCC unit cells and join the top and bottooe feenters of
each cell. Also join these four face centers to the nearestraan corners.

I.  Whatis the unitcell outlined by this procedure?
Ii. Isitin the Bravais list?

lii.  If so the FCC with highel symmetn mus be a specia cast of the outlinec
cell. Explain.

There is no end-centered tetragonal lattice in the braistisblut there is an end-
centered orthorhombic lattice. Explain why?

Show that packing efficiency of FCC is 74% and that of BCC %068
Show that the ideal c/a ratio in a hexagonal unit cell is 1.688 calculate the
packing efficiency.

What is miller index? How is it obtained?

Draw the planed1 10), (121), (234),(112) and directionf11],[123,[120,[121] in a
cubic unit cell.




Questions?

10.

11.
12.

13.
14.

15.

16.

17.

10

Calculate (i) the packing efficiency, and (ii) the densitydsamond [ 1 amu 3

1.66x1027Kg, a = 0.357 nm]

Find the size of the largest sphere that can fit into the hetleal void anc
octahedral void of a cubic close packed structure withostodiing it.

Why it is necessary to include a fourth miller index in the dganal system?

Convert the directions [112], [1_2 3], [110], [111], [130] four indices Iin 3
hexagonal lattice.

L attice constant of Al is 4.05 A. What is the atomic radius ¢F A

Calculate the theoretical density of Mg, Ni and Fe and coeghem to the
standard values [for Mg (a = 3.21A, ¢ = 5.214= 1.74gm/crd, at.wt — 24.31) for

Ni (a = 3.52A,p = 8.90gm/crd, at.wt — 58.69) for Fg¢a = 2.87A,p = 7.87gm/crj,
at.wt — 55.85)]

A metal has a density of 10.22 g/cc, atomic weight of 95.94 a@odnic radius o
0.136 nm. Is it BCC or FCC?

Calculate the volume of the unit cell of Zn crystal. a and c ofafe 266.5 pm an
494.7 pm respectively.

Some hypothetical metal has the simple cubic crystal stractf its atomic weigh
Is 74.5 g/mol and the atomic radius is 0.145 nm, compute isitie

0

| g

NaAalriillatithe Alana AAancihh AF M11 M RlanAaiin A~ CA /DO Aamvicta A— N D077 nm



Questions?

20.

21.

22.

23.

24.

Cu has atomic radius of 0.128 nm. The atomic weight of Cu i$% @gmol.
Compute its theoretical density.

Find the planar of density {111} planes and linear densitx®10> directions ir
FCC system.

Calculate the inter-planar spacing for the (110), (11120§1 (221) and (123

planes of copper. Which of the above planes has the greatesfilanar spacingf

What are the miller indices of a plane that intersects the X ak2 and the
axis at 2 and is parallel to the z axis? The structure is cubic.

Determint the indices for the directions showr in the following cubic unit cell:

%

)




Questions?

25. Determine the indices for the directions and plane shownhi fbollowing
hexagonal unit cell:

-4

26. Derive the planar density expression for the HCP (0001) eolanterms of the
atomic radiudR.

27. What is the difference between atomic structure and crgstatture?
28. Show that only four types of rotational symmetry are possibl
29. If the lattice parameter of Alpha iron is 286 pm, what is itsmaic radius?

30. Copper has FCC crystal structure and the unit cell with eceattonstant of 0.3611
nm. What is the inter-planar spacing of d111 planes?
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Introduction

Three states of matter are distinguishable: gas, liquid sahd

In the gaseous state the metal atoms occupy a great dealad bpaause of the
rapid motion. The atoms move independently and are usuadlglywseparated s
that the attractive forces between atoms are negligible. arhrangement 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 mosteoftbms 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 compressedistoaller volume, by
it takes a high pressure to compress a liquid. There is, hexyetill enough free
space in the liguid to allow the atoms to move about irredylar

As the temperature is decreased, the motions are less ug@md the attractiv

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

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

r
O

at

| -

L

e

giving rise to the orderly arrangement of crystal structure




Mechanism of Crystallization

Crystallization is the transition from the liquid to the islb$tate and occurs in tw
stages:

» Nuclei formation
» Crystal Growth

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

Thesichancraggregate or group: are not permaner but continually breal up anc
reform at other points.

The higher the temperature, the greater the kinetic enefrdiieoatoms and th
shorter the life of the group. When the temperature, of tipeidi is decreased, tt
atom movement decreases, lengthening the life of the gamgmore groups wil
be present at the same time.

Atoms in a material have both kinetic and potential enekggetic energy is related ti
the speed at which the atoms move and is strictly a function of temperdheaéigher
the temperature, the more active are the atoms and the greater is thec kimetgy.
Potential energy on the other handis related to the distance between atonite
greater the average distance between atoms, the greater is their potesrggl e

o)
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Mechanism of Crystallization

Metals

A 4
|74

Thel‘mOdynamiCi T AHfusion ___________________________ a

High — (10-15) kJ / mole

Crystallization favoured b{/

A 4

Low — (1-10) Poise

Kinetic i iAHdr—D Log [Viscosity )] -

L Enthalpy of activation for
diffusion across the interface

/_

Very fast cooling rates ~2&/s are used for the amorphization of alloys
— splat cooling, melt-spinning.




Solidification (or) Freezing

- -

- ~

Local Solidification time'
Ve N

I\ /\

Temperature —

Total Solidification time

~
T

(_Pouring Temperature™ >

Equilibrium
Freezing
Temperature

When metal is poured into the mould,
the temperature will be as high as its
inversion temperature.

P

Superheat |

Time —
It gets cooled when poured into the
mould and molten metal in the liquid
form will solidify. This time is called
local solidification time

The solidified metal in the mould |
called casting) gets cooled in the mou
to the temperature of the surroundings

d




Cooling Curves

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

of heat during nucleation.

Thermal Arrest A plateau on the cooling curve during the solidificationaofmaterial caused by th
evolution of the latent heat of fusion during solidificatio

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

been poured.

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

nucleation has begun.

N

e

Normal cooling  D-E: Isothermal

< of liquid solidification
0 .
5|__\B _____. D /E
g \ . Tmc]ling
E /
S

Time —=

B-C: Undercooling is C-D: Recalescence
necessary for nucleation

O 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

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.

C)

Temperature (

T

: l\_/ % = Cooling rate Superheat
: . Thermal arrest l
- &
Local
le——— solidification ——{ \
time
Total
solidification -
time

Time



Solidification of pure metal : Super cooling

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

 The atoms in the solid are much closer together, so thatifsodition occurs with g
release of energy. This difference in potential energy betwthe liquid and solid
states is known as tHatent heat of fusion.

 However, energy is required to establish a surface| Cooling Curve for a pure metpl
between the liquid and solid. In pure materials at
the freezin¢ point insufficien energ) is release
by the heat of fusion to create a stable boundary,
and some under cooling is always necessary ﬂ:b

form stable nuclei. ©
'§.é N |

 Subsequent release of the heat of fusion will rai -
the temperature to the freezing point. The amc»uﬁi ﬁ
of undercooling required may be reduced by the eereond
presence of solid impurities which reduce the
amount of surface energy required.

Time —



Solidification of pure metal

When the temperature of the liquid metal has dropped seaffti below its

freezing point, stable aggregates or nuclei appear speotsfy at various points
In the liquid. These nuclei, which have now solidified, astaenters for further

crystallization.

As cooling continues, more atoms tend to freeze, and theyattagh themselves

to already existing nuclei or form new nuclei of their ownchaucleus grows b
the attraction of atoms from the liquid into its space l&ttic

Crystal growth continues in three dimensions, the atonachihg themselves i
certair preferre( directions usually alonc the axe: of the crysta this gives rise to a
characteristic treelike structure which is calledeandrite.

Since each nucleus is formed by chance, the crystal axe®arte@ at random an

the dendrites growing from them will grow in different ditems in each crystal.
Finally, as the amount of liquid decreases, the gaps betvleerarms of the

dendrite will be filled and the growth of the dendrite will Ipeutually obstructec
by that of its neighbors. This leads to a very irregular exdéshape.

The crystals found in all commercial metals are commonliedajrainsbecause o

this variation in external shape. The area along which alysheet, known as the

grain boundaryis a region of mismatch.

n
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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 Undercooling”



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 general
along the grain boundaries, there tends tq l:<
higher concentration of impurity atoms in that:
area. Figure (previous page) show:::
schematicall the proces of crystallizatior
from nuclei to the final grains.

<

0 Due to chilling action of mold wall, a thin skin ~ f=—=

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.




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.
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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

[HEN
HAN
)
al

o
O

Temperature

Solidus

Liquid Solution
Liquidus
|

I
1

Solid q'olution
|

1083 °C

Ni

% Cu—

Cu

— Liquid cooling

Pouring Temperature

reezing begins

Freezing completed

e Solid cooling
Total Solidificatiorn
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Comparison of cooling curves

Pure metal

Time (t)

A Alloy

Soldification
begins

L+ S

Solidification
complete

Time (1)



Cast Structure

d Chill Zone: A region of small,
randomly oriented grains that forn
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.

Columnar grains Equiaxed grains

J Equiaxed ZoneA region of randoml s ,
q 9 Y wwvrwvﬁ

)

\J7

~~

~

Nucleation begins Chill zone forms

[ h)

oriented grains in the center of| L | | | /|| | E2<
,| ‘ | ]

ca_lsting produced_as a result 12‘_’ - 1
widespread nucleation. e —=

- ' ' —]
s
4 m s fl\l ::_h
Figure: Development of the ingot structyre preferred growth  additional nucleation

of a casting during solidification: produces the creates the equiaxed
columnar zone zone




Nucleation

Solidification E Nucleation Growth

 Nucleation: localized formation of a distinct thermodynamic phase.

J Nucleation an occur in a gas, liquid or solid phase. Some examples of phasesyh
form via nucleation include:

» In gas-creation of liquid droplets in saturated vapor

» In liguid-formation of gaseous bubbles crystals (e.g., ice formation frorenvat
glass region:.

» In solid-Nucleation of crystalline, amorphous and even vacancy clustesslioh
materials. Such solid state nucleation is important, for example, tosémes
conductor industry.

J Most nucleation processes are physical, rather than chemical.

O There are two types of nucleatiorhomogeneouand heterogeneousrhis distinction
between them made according to the site at which nucleating events occur. R
homogeneousype, nuclei of the new phase form uniformly throughout the pa
phase, where as for theeterogeneous$ype, nuclei form preferentially at structur
iInhomogeneities such as container surfaces insoluble impurities grain bown
dislocations and so on

atm
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Nucleation

Nucleation

Homogenous

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#rghase is sam

throughout the parent phase

O In heterogeneous nucleation there are some preferredisitd® parent phas

where nucleation can occur

e

e




Nucleation

 Compared to the heterogeneous nucleation (which startsi@deation sites on
surfaces) homogeneous nucleation occurs with much mdreutly in the interior
of a uniform substance. The creation of a nucleus impliesfonemation 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°Cerdtian at its freezing
temperatur °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|in the
liquid before the solid particle is stable and begins to grow.
Undercooling- The temperature to which the liquid metal must cool below the equilibrium
freezing temperature before nucleation occurs.
Homogeneous nucleaticrFormation of a critically sized solid from the liquid by the clustering
together of a large number of atoms at a high undercooling (without an external interface).
Heterogeneous nucleaticrFormation of a critically sized solid from the liquid on an impurjty
surface.




Nucleation

[ There is no change in composition involved as we are considering a pure meta.| If w
solidify an alloy this will involve long range diffusion.

O When a volume of material (V) transforms three energies have to be considered :
v reduction in G (assume we are working at constant T & P),

v increase iy (interface free-energy),

v increase in strain energy.

\U

O In a liquid to solid phase transformation the strain energy term can gkeated as thg
liguid melt can flow to accommodate the volume change (assume we are working at
constant T & P).

 The process can start only below the melting point of the liquid (as only bélewntelting
point the Gjqiq < Gsyjig)- 1-€. We need to Undercool the system. As we shall note, under
suitable conditions (e.g. container-less solidification in zero gravity tiomd), melts car
be undercooled to a large extent without solidification taking place.

—

New interface:created

Bulk Gibbs free energy

Energies involve Interfacial energyt
Solid-solid

Strain energw transformation

Volume-of transforming matgrial




Solidification of Pure Metal : Homogeneous Nucleati on

O Consider a pure melt which is cooled below its melting terapee such a liquid i
known as undercooled.

d Let a small volume Yof the liquid turn into solid. If Gis the free energy per un
volume of the solid and Gthat of the liquid, if A, is the liquid- solid interfacial
area, and ify, is interfacial free energy, then the total free energy ofsystem is
given by

GF :VSGS +\/IGI + yIsAs

 Before the small volume of solid formed, the free energy efdlistem is given by
G, =(V,+tV))G
O Thus, the total free energy change associated with theftranation of a smal
volume of liquid vs. into solid is given by

G =G, -G,

:VS(GS _GI) +yIsAs

a'; :VSA(3 + MSAS

D

t




Solidification of Pure Metal : Homogeneous Nucleati on

Freeenergychangen nucleatior-
Reductionn bulk freeenergy+

&G = (Volume).AG) + (Surface)y)

U

 Note that the interfacial energy is always positive. Hetgedontribution from the
second term is always positive.

O However, depending on whether the liquid is above or below thelting
temperatureAG is positive or negative.

 Hence in ar unde coolec liquid, where AG is negative the systen will try to
minimize the shape in such a way that the overall interfasmmargy is reduced S0
that the maximum reduction in free energy can be achieved.

O If we assume interfacial energy to be isotropic, then theiva transformed is @
sphere of radius r (since the maximum volume is enclosechiomninimal surface
area for a sphere), we get

G = (gﬂ?’j-(AGv)’f(“”z)-(%s)

U




Solidification of Pure Metal : Homogeneous Nucleati on

O In figure, we show the variation of the i
volume free energy, interfacial energy and
overall free energy change as a function ofir.

O Since the interfacial contribution goes &g r
and that of bulk free energy a% at smallerr, ,
interfacial energy always dominates anc .
being a positive energy, it actually suppresses
the formation of solid.

 Unless the size of the solid is above somé
size where in the (negative bulk free energy Vol iree Sy
change can more than compensate for |the dAG

Interfacial anergy

AG -+ AGH

-
raceus

\V

(+ve) interfacial energy, the solid will not he
stable (even if it forms).

L Thus one can identify the critical radius |of
the solid that is stable when formed in the

under cooled liquid by minimizinggG with
respectto r'.

!
PN :

0%,
B Embryo Supercritical nuclei
dr r=r*

I —



Solidification of Pure Metal : Homogeneous Nucleati

on

(s o -[%] =

iF773AG+4772;/|51 =0
dr| 3 _—

AT2NG+87T Y| _. =0

AmAG=-8my| . =T




Rate of Nucleation

O There is an energy barrier aiG* for formation of a solid nucleus of critical size
r*. The probability of energy fluctuation of siz&G* is given by the Arrhenius
equation and the rate of homogeneous nucleation is

*
=V ex -0 |
KT

d Where V, is the frequency with which atoms from liquid attach to thdidsp
nucleus. The rearrangement of atoms needed for joiningaliek rsucleus typically
follows the sam«temperatur dependenc as the diffusion cc-efficient.

JJ




Questions..?

Differentiate between a crystal, dendrite, and a grain.
Why is grain boundary irregular?

Is there any difference in the kinetic energy of the atoms in the liquid anddhleat
the boiling point? explain

What is supercooling and explain the mechanism of crystallization?

Define homogeneous nucleation and heterogeneous nucleation? And deri
expression for homogeneous nucleation.

Calculate the critical free energy of nucleation of ice from waten)ad9C, (ii)-5°C,
anc (i) -4C°C. Also calculate the critical radius al eacl temperatur. The enthalp of
fusion of ice is 6.02kJ/mol. The energy of the ice-water interface, 0.078 Jaan be
taken to be independent of temperature. [molar volume of ice = PP cm

(a) For the solidification of pure gold, calculate the critical radius r* and thivaiton
free energy\AG* if nucleation is homogeneous. Values for the latent heat of fusion
surface free energy are -14610° J/m? and 0.132 J/h) respectively, assum
supercooling value of gold is 230°Ch) And also calculate the number of atol
found in a nucleus of critical size. Assume a lattice parameter of 0.413 nisofior
gold at its melting temperature.

Name the two stages involved in the formation of particles of a new phaselyB
describe each.

ve the

and
e
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Questions..?

9. Rewrite the expression for the total free energy changeudoleation for the casge

of a cubic nucleus of edge length a (instead of a sphere otisadi Now
differentiate this expression with respect to a and solveb@dh the critical cubé
edge length, a*, and also free enerf$*. Is AG* greater for cube or sphere?

\v

number of stable nuclei is $@uclei per cubic meter. Calculate the critical radius

10. Assume for the solidification of nickel that nucleation isnthogeneous, and t%e

and the number of stable nuclei that exist at the followinggrdes o
supercooling: 200 K and 300 K. and What is significant abbatrnagnitudes @
thest critical radii anc the number of stable¢ nuclei’ [ry; — 0.255 J/n?, AH; = -
2.53x10 J/m?, Super cooling value for Ni = 3P@]

f
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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 vanderwpdlsat holds atoms in
solid together.

v' But is tinekkoodddgeofoombiimgartiomystt stucttne issatffticanto gresta;
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 corratide
position in the crystal.

Such perfect crystals could only exist at absolute zero,thednal 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

=
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Introduction

O For example :If a bulk metal (i.e., steel) were a single perfect crystailyould
have a strength far exceeding the strongest steel ever ggddtom metallurgica
research. May be this is one of the limitation, in the strerodta metal comes from
the number and type of defect, rather than from the naturdn@fideal crysta
lattice.

O Many other important properties of materials are due to thmperfections caused
by crystal defectsifjay be...!)

O In this topic we will discuss different types of imperfectoor 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 anglety
of defects in the diamond crystal that define the amount ofi@goyou pay for &
given crystal size.

O Another example: Forging a metal tool introduces defects ....! and increases
strength and elasticity of the tool. Note, that in the cagserélquired properties afe
achieved without changes in composition of the material jumt by manipulating
the crystal defects.

o

-

“Crystals are like people, it is the defects in them which tend to make them interesting”

- Colin Humphreys



Thermodynamic cause of crystal imperfections

O Crystal defects are thermodynamically-controlled phesoan

v" To understand how defects come about, consider the effqutobfability
entropy in the following two examples.

O A typical single crystal of a large gemstone contains abounnole 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

already has 10% defect

{ Probability for defect location is

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 anydkaof defect cost:

energy, since the total lattice energy will be reduced. Torameting effects of

energy required to disturb the lattice and the initial lapgén in entropy causes|a

minimum in the free energy.

on

|

5
the




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




CLASSIFICATION OF DEFECTS BASED ON DIMENSIONALITY

N

oD 1D 2D 3D
(Point defects) | | (Line defects) | (Surface / Interface) | (Volume defects]
! , v Y
Vacancy Dislocation Grain Twins
boundary
Impurity Disclination e Precipitate
boundar Voids /
Frenkel Cracks
defect Stacking
faults Porosity
Schottky
defect Inclusions




Point Defects

Vacancy
Non-ionic _ < Interstitial
Impurity

crystals Substitutiona

0D

(Point defects) : Frenkel defect
lonic
cr Sta|< <_—_ _________________ " Other -
ySi Schottky defect

L Imperfect point-like regions in the crystal abdua size of 1-Ztomic
diameters




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




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 o




How many vacancies are present?

 The higher is the temperature, more often atoms are jumpamg dbne equilibrium
position to another and larger number of vacancies can bedfan a crystal
Actually, the number of vacancies, Nincreases exponentially with the absolute
temperature, T and can be estimated using the equation:

NV = NS exr{i]
KgT

N, = Numberof regularattice sites

K g = Boltzmanconstant
E, = Energyneededoforma vacantatticesitein aperfectcrystal

O Using this simple equation we can estimate vacancy pelatiice atoms.




Solved Calculate the equilibrium number of vacancies per cubic meter for copper at
Example -1 1000°C. The energy for vacancy formation is 0.9ev/atom; the atomic weight

and density (at 1000°C) for copper are 63.5 g/mol and 8.4 Yeapectively.

This problemmaybesolvedby usingfollowing equations
It is first necessaryhowever to determinethevalueof N, thenumberofatomicsites

percubicmeterfor copper,

form its atomicweight A ., ,its density p andAvogadro'snumberN , , accordingto

_ (6.023x10"atomsg mol)(84g/cnt)(10°cnt / nr’)
63.5g/ mol

=8.Cx10%®atom¢/ m*

B

Thusthenumberof vacanciesit1000°C isequalto N, =Ng eXF{_KE.\I/.j

= (8.0x10®atoms m*) ex —09ev
86

2x10°eV/K)(127XK)

= 22x10”vacancie¢ m®



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 dislocations



Introduction

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 vq
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
N N

As the periodic force field of a crystal requires that atoms must move

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 isicebsiow
the slip plane.

Dislocations anenoreaquilinwm defedisaactwaultd leave tihecorystalf given aam

S

opportunity




Burgers Vector

O
o Edge dislocation
o
° Finish
o
o
o .
e Slip
Plan
Perfect cryst:
RHFS:
Right Hand Finish to Start convention
Direction o vector
dislocation line vector
5T atrs
e o i /_

Direction o vector

Crystal with edge dislocation




A dislocation has associated with it two vectors:

t - A unit tangat vectoralongthedislocation line

—

b - TheBurgersvector

- |
_ Compressive stress field ] |
1 |
© 0 000 0O 06 0 0 O | \1. \i /
© 0O -
© 06 0 ‘-. f . |
O O O Slipped Unslipped
—————————————————————— part part
© o of the of the
O O crystal crystal
© O
© O

Dislocation is a boundary between the slipped and
the unslipped parts of the crystal lying over a slip
plane

Tensile stress field




Burgers Vector in Edge & Screw dislocations




+ve & -ve edge dislocations

Positive edge dislocation

Negative edge dislocation
J' Can come together and cancel

one another
ATTRACTION J

‘A REPULSION ‘




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




Edge Dislocation Glide
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Positive climb
Removal of a row of atoms
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Negative climb
Addition of a row of atoms



Screw dislocation
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Screw dislocation cross-slip

Slip plane 2
AN

AN

N

N

/' b

Slip plane .

-

[

/]

12

The dislocation is shown crosipgipgifrg finaimetidalpfElardddhibeygreanpfas

15{S

(J 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
 The vectoral sum of the Burgers vectors of dislocations mgeit 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 vyhlch dislocation Glide/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.




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 EIE Gb? G — (W 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




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




2D Defects : Surface defects

O 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

Coherent Incoherent Semi-coherent




Grain Boundary

 The grain boundary region may be distorted with atoms beahmngo
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 < 15°

 In the low angle boundary the distortion is not so drastic be
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

d The average no. of nearest neighbours for an atmmthe grain
boundary of a close packed crystal is 11




Twin Boundary

 The atomic arrangement on one side of the twin boundary a&eelto
the other side by a symmetry operation (usually a mirror)

 Twin boundaries usually occur in pairs such that the oriemia
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)



Stacking Fault

1 Error in the sequence of stacking atomic plareStacking fault
1 Defined by a shift vector

FCC stacking—1 ...ABC ABC ABC ABC...

.

—

...ABC AB AB ABC...

\

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
 Stacking fault in HCP can lead to thin region ofG~kind of stacking




3D Defects : volume defects

Volume defects in crystals are three dimensioggr@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 thitda. However, their role in the
microstructure is to modify the behavior of the matrix ratkigan to act as separate
phases in their own right.




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 POREYS)

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




Questions..?

Differentiate Frenkel and Schottky defects.

Find the equilibrium concentration of vacancies in alumnmi(eV/vacancy = 0.7C
AH; =68 KJ/mol) and nickel (eV/vacancy = 1.74H; = 168 KJ/mole) at OK, 300K
and 900K.

Why point defects are called * Equilibrium defects”. Stateliyreasons

Compute the line energy of dislocations in BCC iron. The Rusgvector in iron is

of the %<111> type. The shear modulus of iron is 80.2 GN[a¢ £ -2.87A]

The surface of copper crystal is of the {111} type. Calcultte surface energ
(enthalpy of coppe. [a e pe 23.614]

The surface energy of a single crystal depends on crystaldbgc orientation. Doe
this surface energy increase or decrease with an incregéanar density. Why?

Calculate the energy for vacancy formation in silver, giitbat the equilibrium
number of vacancies at 800°C (1073K) is 8.60°*m3. The atomic weight an
density (at 800°C) for silver are respectively, 107.9 g/amud 9.5 g/crh.

Cite the relative Burgers vector—dislocation line ori¢iotas for edge, screw, an
mixed dislocations.

For a given material, would you expect the surface energyetgreater than, th
same as, or less than the grain boundary energy? Why?

A4
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S
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Questions..?

10.

11.

12.

13.

14.
15.

The grain boundary energy of a small angle grain boundamsis than for a hig
angle one. Why is this so?

For a BCC single crystal, would you expect the surface enfagg (100) plane

to be greater or less than that for a (110) plane? Why?

If there are 18 m? of edge dislocations in a simple cubic crystal, how m
would each of these climb down on an average when the crgshadated from (
to 1000K? The enthalpy of formation of vacancies is 100 KJ-indhe lattice
parameter is 2 A. The volume of one mole of the crystal is619°¢m?

Whai is the geometr of edge dislocation” How did the concep arise’ What is the
geometry of the screw dislocation? Differentiate Edge acré\8 dislocations

Write short note on Volume defects

What is the Burgers vector of a dislocation? How is the Buggmircuit used tc
define the Burgers vector ?

N
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Mechanical properties of metals

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

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

These properties are ascertained by performing carefudlyigded laborator
experiments that replicate as nearly as possible the serwvitditions.

Factors to be considered include the nature of the appled dmd its duration, gs

well as the environmental conditions.

It is possible for the load to be tensile, compressive, oashend its magnitud
may be constar with time, or it may fluctuate continuousl. Applicatior time may

be only a fraction of a second, or it may extend over a periognahy years|

Service temperature may be an important factor.

S

y

e




What kind of mechanical behavior phenomena does one have to understand?

O Phenomenologically mechanical behaviour can be undetséso in the flow
diagram below.

 Multiple mechanisms may be associated with these phenorfeegacreep ca
occur by diffusion, grain boundary sliding etc.).

O These phenomena may lead to the failure of a material.

N

Mechanical Behaviour

— Elasticity Recoverable deformation

— Plasticity ~Permanent deformation

— Fracture propagation of cracks in a material

— Fatigue Oscillatory loading

— Creep Elongation at constant load at High temperatures

Note: above is a ‘broad’ classification for ‘convence’. E.g. Creep is also leads to plastic defdrord



Classification of Deformation Processes

Deformation

Recoverable

Elastic

Plastic

Permanent

Instantaneous

Time depender‘k

Instantaneot

Time dependenl&

Anelasticity

—>

Viscoelasticity




Concepts of Stress & Strain

Solids deform when they are subject to load (can be tenslempeessive or shear).

They can maintain or lose their shape

Tension Tests

J Most common mechanical stress—strain tests which is usexsdertain several

mechanical properties of materials.

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

O The tensile testing machin¢is designe to elongati the specime ai a constar rate
and to continuously and simultaneously measure the irstaous applied load
(with a load cell) and the resulting elongations (using aeesometer).

O The output of such a tensile test is recorded (usually on gpoten) asload or

force versus elongation

Reduced section

1 n
| 2 = |
07\“ a |
A
R : : -r 0.505" Diameter : : (%
Y
|- |
] {5,
Gauge length = Radius

8

A
% Diameter
Y

A standard tensile specimen with circular cross séion



Concepts of Stress & Strain

 Engineering stress : Tensile stres|g =-—| SI Unit: Megapascals

O Engineering strain : Tensile strain

_ _d-d, _Ad
O Lateral Strain |5~ i d

0] 0]

Strain is always dimensionless

d Where | and ¢ are the original dimensions before any load
applie¢; | anc d are the instantaneot dimension; Al anc Ad are

changes in dimensions.

Compression Tests

 Test is conducted in a manner similar to the tensile
except that the force is compressive and the spec
contracts along the direction of the stress.

By convention, a compressive force is taken to be negati\ji

which yields a negative stress. Furthermore, sihgces
greater thath, compressive strains is also negative

I'|_I
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i
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Concepts of Stress & Strain

Shear Tests

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

stress is computed according to

0 Shearstressr="| Shear stray =tané

A

 Where F is the load or force imposed parallel to the uy
and lower faces, each of which has an area gf.Alhe

shear

shear strairy is defined as the tangent of the strain arjl¢

Torsional Tests

 Torsion is a variation of pure shear, wherein a struct
member is twisted about the longitudinal axis of one
of the member relative to the other end producin
rotational motion .

(d Shear stress is a function of the applied torque T al

shear strain is related to the angle of twgist




Elastic Deformation

 Deformation in which stress and strain are proportional #@led elastig
deformation.
O Elastic deformation is hon permanent reversible defoiwnatie. when load/forces

are released the body returns to its original configuratsbrape and size). It can be
caused by tension/compression or shear forces.

 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 linear
elastic behavior.

d Some materials (e.g., gray cast iron, concrete, and manymeos) exhibit nor
linear elasticity.




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

ied

| Unload

Slope = modulus

Stress

modulus of elasticity E. of elasticity
O This is knowr as Hooke’s law, anc the constar of
proportionality E (Gpa or psi) is thenodulus of
elasticity, or Young’s modulus. { Load
d This modulus may be thought of as stiffness, qi
material’s resistance to elastic deformation. T 0 _—
1

greater the modulus, the stiffer the material, or
smaller the elastic strain that results from
application of a given stress.

Lmal
|




Elastic Stress-Strain Curve

O For materials showing no
linear  elasticity

modulus of elasticity.
Tangent modulus is taken

the slope of the stress—strain

curve al some specifie(
level of stress, while seca
modulus represents
slope of a secant draw
from the origin to some
given point of the o—

either
tangent or secant modulus
can be used to determine th

the

—
FanY
|4

U

curve.

atEss o

I:TI_"I

Secant modulus

) i - o o ——— k
; 2 between origin and o)

Stramn «




E(GPa)

Young’s Moduli : Comparison

Graphite :
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1%8 —] ¢ &her Gold
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® Concrete
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8 = ®C FRE( fiters)
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Eceramics
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>> Epolymers



Plastic (Permanent) Deformation

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

 From an atomic perspective, plastic deformation corredpdn the breaking of

J7

bonds with original atom neighbors and then reforming bomidls new neighbor:
as large numbers of atoms or molecules move relative to onéhan upon

removal of the stress they do not return to their originaltpmss.

P

d elastic + plastic

x

 For most metallic materials, elastic deformation persisily to strains of abol
0.005. As the material is deformed beyond this point, thesstris no longe
proportional to strain (Hooke’s law) and permanent/noovecable/plastic

deformation occurs.

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

VS e~

et

with rising stress.




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

Proportional Limit
A Elastic + Plastic

at larger stress

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

. » . )
> ep engineering strain, e

plastic strain




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.

For metals that experience gradual elastic—plastic tiansia curve is drawn paralle
to the elastic line at a given strain like 0.2% (= 0.002) tced®iine the yield strength.
For materials having a nonlinear elastic region the yietdngth is defined as the
stress required to produce some amount of stka#n(.005)
Some materials elastic—plastic transition is very welliredf and occurs abruptly
(yield point phenomenon). For these materials yield stiergytaken as the average
stress that is associated with the lower yield point

\J

U O O O




Tensile Properties

Elastic | Plastic
I :
|
I L
T PR, 'r _____ Upper yield
' | point
I ¥
| #
|
| /
I Il'
| P it A S e i
i P 8 Lower yield
= ! e point
[y I.l (T
.llll
Il
I."
|
III|.
i
/
..ll..
Strain Strain
- -=— (3.002

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.



0, (MPa)

Yield strength,

Yield Strength : Comparison

Metals/ Graphllte/ Composites/
Ceramics/  Polymers :
Alloys . fibers
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Tensile Strength (TS)

O The tensile strength TS (MPa or psi) is the stress at the mamwinon 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.




strength, TS  (MPa)

Tensile

Tensile Strength: Comparison
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Ductility, %Elongation

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

%EL :Ef__l‘a X 100
L

o

A smaller %L

A

Iarger%EL\ LA

/ o

B
X
=

Engineering Tensile Streso

Engineering tensile strain,

0 Another ductility measure: o\ _ A A,




Toughness

 Energy required to break a unit volume of material

O It can be approximated by the area under the stress-strare ap to the point o
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 For Brittle fracture: elastic energy

—

d ForDuctilefracture: elastic + plastic energy




Resilience, U |

 Resilience is the capacity of a material to absorb energynwhes deformed
elastically and then, upon unloading, to have this energyuered.

d Modulus of resilienceJ, is the strain energy per unit volume required to stregs a
material from an unloaded state up to the point of yielding.

Gy ———————— : -
| U, = jo Y ode
I
(7)) |
O i If we assume alifiea@arstressssiedin
) : curvettnssimyplifies to
|
|
|
| 1
i U , [] —Oy€y
| 2

—  =0.002 g€y Strain




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 Indenter Nide View Top View Load Hardness Number”
Brinell 1-mm sphere _—| = o £ 2P
HB = —_—
of steel or —"'I d |"‘— 7DD — VD - d7
tungsten carbide il P
Vickers Diamond 1367 d) ,})@d] P HV = 1.854P/d7]
microhardness pyramid ﬁ__}—’ I‘l}’
Knoop Diamond u t h p HK = 14.2P/1°
microhardness pyramid — ——————J
Mh=17.11 'r
bt =4.00 | —
Rockwell and Diamond 120° ol kg
Superficial cone 100 kg L Rackwell
Rockwell i bt i, l l ) 150 kg

diameter
steel spheres

o

9

15 kg
) kg pSuperficial Rockwell
45 ke




True Stress & Strain

O True stress ;. |0y, =

O True strain: |&,,.=In-

o, =c(@+¢)

 The relation with Eng. Stress and Eng strain IET “In@+e)

 Necking¢ begin¢ al point M on the engineerin curve which corresponc to on the
true curve. The “corrected” true stress—strain curve takesaccount the complex
stress state within the neck region.

True

A comparison of typic:ﬂ‘
tensile engineering

stress—strain and trup
Engineering stress—strain behaviors

M

Stress

Strain



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’ t@'‘and ‘s’ to ‘o’ cannot be used after the onset
necking. |0 =s(1+e)| |e=In(1+e)
Triaxial state of stress develops and uniaxiality condition assumed duringeshbreaks
down.

Necking can be considered as an instability in tension.

o0 O 0000

Hence, quantities calculated after the onset of necking (like fractuesssor) has to be

14

corrected for: i) triaxial state of stresgii) correct cross sectional area

— — — !
- F
—

Stress correction
for necking

Aberve andd fo the Tefi (G necking)

.8 —

£.6 —

of



Mechanisms/modes of plastic deformation

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

 Plastic deformation of crystalline materials takes plagar®chanisms which are
very different from that for amorphous materials (glass$stic deformation in
amorphous materials occur by other mechanisms includimg {~viscous fluid)

and shear banding.

Plastic Deformation in Crystalline Materi

7/
7/
7
4
/
/
/
/
7

Slip
(Dislocation
motion)

Twinning

Creep Mechanism

S

+ Other Mechanisms

Phase Transformatio‘n

Grain boundary slidin$~—

>

Grain rotation

Vacancy diﬂ‘usion}«

Dislocation climb

<+




Plastic deformation by dislocation Motion (SLIP)

Basic concepts

 SLIP is the most important mechanism of plastic deformatidhlow temperature
(especially in BCC metals) twinning may also become imptrta

At the fundamental level plastic deformation (in crystali materials) by sli

iInvolves the motion of dislocations on the slip plafueeating a step of Burger

vector).

 Slip is caused byshear stresse@t the level of the slip plane). Hence, a pur
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

S

ely

Shear Stress Unit Step of Slip
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e 8 @ il @ as-
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Direction of Dislocation Motion

. |Direction
. |of motion

Direction

of motion \
:D =

Screw dislocationline movesperpendicular to applied stress



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 pland
density. The slip direction is most closely packed with atormg)(est linear densiy

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

packe( plane.

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

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

Hence, materials which are ductile in single crystalline form, may nodumsgile in
polycrystalline form. CCP crystals (Cu, Al, Au) have excellent ductility

At higher temperaturesmore slip systems may become active and hq
polycrystalline materials which are brittle at low temperature, magobe ductile g

slip

4

r

5t

ence
t

high temperature.




Example of slip systems

Crystal Slip plane(s) Slip direction  Number of sli®ms
FCC {111} 15<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
MgAl,O _

92 {111} <1710>

Spinel

AlL,O _

23 (0001) <1120>
Hexagonal




microscopic slip to macroscopic deformation

Dislocation

formed by

pushing in |

a plane

2

4 when dislocation
/| leaves the crystg

Step formed

’
\
\ I
\
= -~
O--
~ -~

Now visualize dislocations being punched in on successiaaes - moving and

finally leaving the crystal




This sequence of events finally leads to deformed shape

Net shape cha@




Slip in Single Crystal

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

O Further increase in the load causes movement of another parallel planengeisult
another step. Similarly number of small steps are formed on the surface pf the
single crystal that are parallel to one another and loop around the circumferience

the specimen.
 Each step (shear band) results from the movement of a large number of dislo¢ations

anc their propagatio in the slip systen.

Direction
of force

Slip plane

Macroscopic slip in single crystal Slip in a zinc single crystal



Critical Resolved Shear Stress (CRSS)

 Extent of slip in a single crystal depends on the magnitudeshafaring stress
produced by external loads, geometry of the crystal stracnd the orientation of
the active slip planes with respect to the shearing stress.

O Slip begins when the shearing stress on slip plane in thedsigztion/Resolvel
Shear Stress (RSS) reaches a critical value called the&@ifResolved Shear Stress
(CRSS) and plastic deformation stafi$ie actual Schmid’s law)

-

O Even if we apply an tensile force on the

specimen- the shear stress resolved onto G
the slip planeis responsibl for slip. az(i]

O The stress at which slip starts in a crystal

depends on the relative orientation of the 0! o S
stress axis with respect to the slip plane :‘—__\__ Slip direction
. . . AT
O When a tensile stress is applied to D g

crystal, as illustrated in figure, the shear
stresst resolved on a slip plane whose
normal makes an angle éfwith the stres
axis, along a slip direction inclined at an
angle ofop to the stress axis.

and the slip direction. '//
R
|
|
|
|

A:(C;?j

Externally only
tensile forces are
being applied




Critical Resolved Shear Stress (CRSS)

Stress = ( ol j
Area

. ( F Cosa j

A/Cos @
Tpss = 0 Cosf Cog
d 1 g IS maximum (P/2A) whew = A=45° Schmid factor

O If the tension axis is normal to slip plane =9 or if it is parallel to the slip
plane i.ed = 9CPthent 5 = 0 and slip will not occur as per Schmid’s law.

Schmid's law| Slip is initiated when |T rss 2 T cRrs:

d 1.rssIS @ material parameter, which is determined from experimen

Yield strength of a single crystal |g, = = ;;Rcs:s 5
08 Co




Solved Example 1

d

Consider a single crystal of BCC iron oriented such that a tensile ssrepplied along a [010
direction.
(a) Compute the resolved shear stress along a (110) plane and in a [11l]odiretien a
tensile stress of 52 MPa (7500 psi) is applied. If slip occurs on a (110) planenaaq
[111] direction, and the critical resolved shear stress is 30 MPa (4350 pkijlate the
magnitude of the applied tensile stress necessary to initiate yielding.

|

Solution

a. Determine the value of the angle between the normal to the (110) slip (pané¢he [110]
direction) and the [010] direction using,jyw;,] = [110], [u,v,W,] = [010] and the following
equation.

6 =cos { UU2 + ViV2 + WW. j j .
\/(UIZ AU R R ) (_'*:/HFJ O/;L Sl::ﬁ%a:m
o= COS—{ (1) + WA + ©)(O) J ot
O+ @+ 010 + @ + (0] it DO G Y N
1 S S
=COS (ﬁ) =45 spplied stes




Solved Example 1

0 Similarly determine the value of the angle betwedh'!l  and [010] directions
follows:

) COS{ (D0 + OO +OO) j _ cos'( é -

V=D + @7 + @70 + @ + (0)°] NE

d Then calculate the value of;ssusing the following expression:
T rgss= 0 COSp COSL
=(52 Mpa)(co< 45)(cos 54.7
= 21.3 Mpa
= 13060 psi

4 Yield Strengtho,

_ ___30MPa
Y (cos45)(cos54.7)

=73.4Mpa




Solved Example 2

Determine the tensile stress that is applied along[llie] axis of a silveakctysause

slip on the (111) [011] system. The critical resolved shear stress is 6 MPa.

Solution:

0 Determine the anglé between the tensile axig10] and normal ad)

following equation. e Uills -+ ViVs & WV,
JUE + V7 W) (U + Vo7 + We?)
Cow:( O + (=)D + ©)(-D) } _ 1 2
J@7 + (D7 + (D +(-D* +(-D°1 ) V23 6

O Determine the angle between tensile axig110]  and slip directiqoi1]

cosAz( @(0) +(=D(=D + O)(-1) J: 1 _
J@F + (D)7 + 0210 +(-D* +(-1)7] ) V242

E
2

 Thencalculate the Tensile Stress using the expression:

P s _ 6MPa

=__ = = = 6.6 =14.7Mpa
A cospcosi % o 1 P
J6 2

o

using

the



Plastic deformation by Twin

L In addition to slip (dislocation movement), plastic deformation can alsardzy twinning.
O Twinning results when a portion of the crystal takes up an orientation thatated to the
orientation of the rest of the untwinned lattice in a definite, symmetvesi.

L Twinned portion of the crystal is a mirror image of the parent crystal &edplane of
symmetry between the two portions is called twinning plane.

O Twinning may favorably reorient slip systems to promote dislocation movement.

Polished surface

0 - Atoms that did not move Twin plane
(> - Original positions of the atom

® - Final positions of the atoms

l Twin plane
S P

Schematic diagram showing how twinning results fenmapplied shear stress




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 wmdErans of
rapid rate of loading and decreased temperature.

Annealing twins are produced as the result of annealing. These twins araljgeseen 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 by
polishing (c) Annealing Twins in gold-silver alloy




Plastic deformation by Twin

O Twinning generally occurs when the slip systems are résttior when the sli
systems are restricted or when something increases theatriésolved shear
stress so that the twinning stress is lower than the stresdifio

O So, twinning generally occurs at low temperatures or highirstrates in bcc or fcc
metals or in hcp metals.

O Twinning occurs on specific twinning planes and twinningedtions.

S

Twin planes and Twin direction

Crystal Typical : Twin
Structure Examples VS (I Direction
BCC a-Fe, Ta (112) [111]

Zn, Cd, Mg, - .
HCP = aon2) 1017
FCC Ag, Au, Cu (111) [112]




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 is seen across
the twin plane

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

Twinning leaves small but well defined
regions of the crystal deformed

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

because of its small number of slip
system

- Twin

= planes




Plastic deformation of Polycrystalline Materials

Plastic deformation in polycrystalline materials is vepmplex than those in the
single crystals due to the presence of grain boundariefgerelft orientation o
neighboring crystals, presence of several phases etc.

Due to random crystallographic orientations, the slip efamand slip directio
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 falae orientation (i.
the highest resolved shear stress).

Wher a polishec polycrystalline specime of _
copper is plastically deformed, two slip systems \ \
operate for most of the grains (evidenced by fwo
sets of parallel yet intersecting sets of lines).

orientation is indicated by the difference |in
alignment of the slip lines for several grains.




Plastic deformation of Polycrystalline Materials

 During deformation, mechanical integrity and coheren®/raaintained along the
grain boundaries; i.e. the grain boundaries usually do owmtecapart or open up.

 As a consequence, each individual grain is constrainedpmeesdegree 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



Strengthening Mechanisms

O The ability of a metal to deform depends on the ability of tisatations to move
and the slip of dislocations weakens the crystal. Hence we hao strategies tp
strengthen the crystal/material:

» completely remove dislocations difficult, but dislocation free whiskers have begen

produced(however, this is not a good strategy as dislocations can nucleate during
loading)

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

U

Strengthening mechanisms

Solid solution| | Precipitate & Dispersoid | Strain hardening

Grain boundary

A~

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



Solid Solution Strengthening

The introduction of solute atoms into solid solution in thevent-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)

= Interstitial solid solutions— Solute atoms occupy interstitial positions in {

solvent lattice (Carbon, Nitrogen, Boron, Oxygen, Hydmgae the commo
interstitial solutes)

The stres fields arounc solute atoms interac with the stres fields arounc the
dislocation.

This interaction provides frictional resistance to disitbans 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 solut@ghigher the elastic modulus of the solute greg
the strengthening effect)

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

L4

he

he
N

C

1ter




Effect of Size and Concentration of Solute

For the same size difference the

Size difference smaller atom gives a greater

Size effect depends on:

200

Concentration of the solute) | (O, Oc

strengthening effect

Matrix: Cu (r = 1.28 A)

J More the size difference, mor

the intensity of stress fiel

0

around solute atoms and morq is

the hardenin: effec..

Large the concentratign

difference, more obstacles

dislocations motion and strength

iIncreases (Increase vy IS

proportional to concentration oOf

the solute).

to

(Values in parenthesis are atomic radius value&)in

Solute Concentration (Atom %>

0 10 20 30 40

Solute strengthening of Cu crystal

by solutes of different sizes



By 1 o; (lattice friction)
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Relative strengthening effect of Interstitial and S ubstitutional atoms

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

spherical distortion field.

ct (
tely

» J
o Interstitial

C.,N

Si

Mn

Mo

1.0 2.0
% alloying element

Substitutional

Interstitial [] ﬁnﬁplﬁrlﬁ ﬁo@ﬂiﬂj _)

Solute atoms

Substitutional [ AT E e

|

Ni



Hardening of Precipitates

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

Dislocations cannot glide through incoherent precipitates.

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

A pinned dislocation (at a precipitate) has to either climb o\®rhich 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 (thougktsit |
usually higher as precipitates can be intermetabimpounds).

Usually during precipitation the precipitate is ecdnt only when it is small and becomes incohevant
growth.

Small Large
Coherent - Partially coherent ~ Incoherent

Glide of the dislocation causes a displacementh@fpper part of the precipitate w.r.t the lowat pa
b — ~ cutting of the precipitate.




Schematic views
— edge dislocation glide through a coherent preciig

s

> E Precipitate particle




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

d We have seen that as the dislocation glides through theptagei it is sheared.

O If the precipitate is sheared, then how does it offer anystasce to the motion of
the dislocation? l.e. how can this lead to a hardening éffect

 The hardening effect due to a precipitate comes about duanty factors (many of
which are system specific). The important ones are listedariree 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



Orowan bowing mechanism : Pinning effect

 Dislocations can bow around widely separated inclusiamthik process they leayve
dislocation loops around the inclusions, thus leading tonarease in dislocatign
density. This is known as the Orowan bowing mechanism as showhe figure
below. (This is in ‘some sense’ similar to the Frank-Read mechahism

 The next dislocation arriving (similar to the first one)eke a repulsion from the
dislocation loop and hence the stress required to drivedudislocations increases.
Additionally, the effective separation distance (throwgtich the dislocation has [o

bow) reduces from ‘d’ to ‘dl.

—

O ® (O
idely
d %aced |:> |:>

inclusions

@ ® (O

—

Dislocation




Precipitate Hardening effect

The hardening effect of precipitates can arise in many ways&w:

] Lattice Resistanceahe dislocation may face an increased lattice frictioesgrin
the precipitate.

 Chemical Strengtheningrises from additional interface created on shearing

L

Stacking-fault Strengtheningdue to difference between stacking-fault energy
between particle and matrix when these are both FCC or HCEBr{wiislocations
are split into partials)

J

L

Modulus Hardening¢ due to differencein elastic moduli of the matrix anc particle

L

Coherency Strengthenindue to elastic coherency strains surrounding the particle

L

Order Strengtheninglue to additional work required to create an APB in casg of
dislocations passing through precipitates which have dared lattice




Strengthening by Dispersoids

In dispersion hardening, the hard particles are mixed wittrima powder ang
consolidated and processed by powder metallurgy techsique

Example:Thoria dispersed Nickel Fine particles of Thoria are dispersed in
nickel matrix and the inter particle distance is enough tadar the dislocatio
movement thereby increasing the strength up to 0.9 timg§T ] in °C).

In dispersion hardening, dispersoids are incoherent with matrix anc
dislocations cannot glide through these dispersoids artsl pgened.

A pinned dislocation (at a precipitate) has to either clinvieroit (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 whiafdsdo be overcome f
additional slip to take place and this causes hardening.

the
n

S

DI

Dislocation
Loop

Dislocation
Direction of ‘\ Q’ ‘ Q
Dislocation : :
Dispersoid
Motion ) P



Strain Hardening : Forest Dislocations

What causeStrain hardening?> multiplication of dislocations

Strain hardening

Annealed material
6 9 N ﬁld mm( - 12 14
pdislocatio n ~ (10 — 10 ) IOdisIocatio 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
E —




Some specific sources/methods of formation/multipli cation of dislocations include

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 crysttida)

» Plastic deformation (nucleation and multiplication)
= [rradiation

O High stresses

» Heterogeneous nucleation at second phase particles
» During phase transformation

 Frank-Read source
 Orowan bowing mechanism

Strain hardening

d We had noted that stress to cause further plastarishation (flow stress) increas
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 furtlstipldeformation=
Strain Hardening / work hardening

 One such mechanism by which the dislocation is imhzed is the Lomer-
Cottrell barrier.

eS




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
Grainboundary.\ O O

0000000\ 5”00
0000000\ 0/0 0
. 0000000000 0.0
ip plane — m-mmmem oo L2 L) ‘00 0
0000 000\ 0 0%
0000 0000 OOO(,@
0000 0000
Grain A

and

he

of

Dislocation pile-up at grain boundarie




Hall — Petch Relation

A fine grained material is harder and stronger than one that is coarsedrsince greate
amounts of grain boundaries in the fine grained materials impede dislocation motion

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

Grain size, d (mm)

1 107} 1072 5 x 1072

O-Yield — 0-0 + kyd 2 =

Wher, 150

Oyielg = Yleld stress
o, = Friction stress or resistance
to dislocation motion
= Locking parameter or the 50
hardening contribution
from the grain boundary 0 | | | 0
d = Grain diameter 4 8 12 16

d1? (mm-1/2)

100

Yield strength (MPa)
Yield strength (ksi)

Influence of grain size on yield strength of 70Cu-30Zn Brass




Yield -Point Phenomenon

Many metals, particularly low carbon steel, show a localizedgrogieneous type ¢
transition from elastic to plastic deformation which produces a yielatpai the stresst
strain curve.

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

The load at which sudden drop occurs
corresponds to thapper yield pointthe
constar loac is callec the lower yield

point, and the elongation that occurs|at “*|” /T LOV\é,eorith'eld
constant load is called thgield-point E

elongation >

At the upper vyield point, plastic %

deformation is initiated forming & \'
discrete band of deformed metal, knoywn % Liders bands

as Luders @andHartmann lines of
stretcher strains Unyielded
Then these bands propagate to cover|the Vetal

entire length of the specimen.

Strain



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

d

o O 0O DO

U

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

The interaction between the solute atoms and the dislocation line is vengsind somé
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 pinpaigts and the stres
required for this defines the upper yield strength.

After the dislocation has left its pinning points, it is more mobile tharokeefand the yield

strength reduces (lower yield strength).

The dislocations released into the slip planes pile up at the grain boeadaril produces
stres concentratio al its tip which in turn increase the stres in the neighborin( grain

allowing dislocations there to become mobile as well.

This results in the formation of narrow bands of localized deformation, deecaliders
bands within the material.

This alternation between local hardening by dislocation pile-up and rdnmfvdhis
deformation obstacle by tearing off dislocations in the neighboring grain caus&engly
serrated flow curve (yield point elongation).

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

U

S

a



Preferred Orientation (Texture)

O In Latin, textor means weaver and in materials science, texturédsway in which a

polycrystalline material is woven.

Y,

No texture mn the material Fully textured material

L Y Fd \ 4

N AN N —— —l \

o === | — | —— | )

. Vi N Sy fm— T /

— — PR 0 —

o o | 4 !

Individual crystal is having different All erystals orientated along X

orientation (this 1s an ideal situation)

Reference Axes

[ Polycrystalline material is constituted from a large number of smajlétallites (limited
volume of material in which periodicity of crystal lattice is presefch of these crystallite

has a specific orientation of the crystal lattice .

A texture-less sheet
(Configuration like a powder aggregate)

[100]

A fully textured sheet the cube texture
(001) ” ND (Sheet Normal Direction)

RD (Sheet Rolling Direction)




Preferred Orientation (Texture)

When a metal undergoes a severe amount of deformation, its crystallograptas pad tg
orient themselves in a preferred manner with respect to the direction>afmm strain; in
which case the material is said to have a “texture”.

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

For uniaxial deformation or other processes, texture is expressed in temmiesfindices
of directions [uvw] aligned along the specimen axis, also called Fiber texture

Fiber texture is symmetrical to the wire axis. BCC metals have a fddure with <110>
directior paralle to the wire axic. FCC metals have double fiber texture with botr <111>
and <100> directions parallel to the fiber axis.

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

Texture resulting from plastic deformation is strongly dependent on availdbpleasd
twinning systems but is not affected by processing variables like die amdil@liameter,
speed etc. Thus, same texture is produced whether a rod is made by rolling or drawin
Recrystallization of a cold worked metal produces a texture which ferdifit from and
stronger than that existing in the deformed metal. This is called an &mgear
Recrystallization texture.

\U

O




Preferred Orientation (Texture)

O Preferred Orientations are determined by X-Ray Methods.

O Diffraction patterns from a single crystal is in the form of isolated spethile for a
randomly oriented polycrystalline material, the diffraction pattesnin the form of
concentric rings (Debye-Scherrer rings) corresponding to different planethamatensity
of rings will be uniform for all angles.

 Textured polycrystalline materials are somewhat in-between. Herdiffraction patterr
consists of Debye-Scherrer rings, but the intensity distribution is non-umigdong the
circumference of the rings.

Single Texture Random
Crystal Sample

Diffraction pattern from the crystals of materials




Hot Working

U Plastic deformation which is carried out under conditions of temperature smd sate
such that recovery processes occur substantially so that large straibse eahieved witl
essentially no strain hardening.

O Normally performed at temperature >0,6& at high strain rates in the range of 0.5-500 |

—

UJ

Advantages of Hot Working

Larger deformation can be accomplished and more rapidly by hot working $ieaaédtal
IS in plastic state.

Porosity of the metal is considerably minimized.

Concentrate impurities if any in the meta are disintegrate anc distributec throughou the
metal.

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

No residual stresses in the material

o0 00 O

Disadvantages of Hot Working

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

(] Close tolerances cannot be maintained.

O It involves excessive expenditure on account of high cost of tooling. This, howeVer, 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 belowethpdrature

range of recrystallization and above the room temperature i.e. intetaddiaot and colc

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.

COo0000O




Cold Working

Plastic deformation which is carried out in a temperature region and awene interval
such that the strain hardening is not relieved is called cold work.

Normally performed at room temperature but in general < Q,3Where recovery is limiteg

| -

and recrystallization does not occur.

Advantages of Cold Working

coopo OO0

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 refsptre]

heat treatment.

Bettel dimensione contro is possiblt becaus the reductior in size is nolt muct.
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.

Disadvantages of Cold Working

OO0

U

Only ductile metals can be shaped through cold working.
Over-working of metal results in brittleness and it has to be annealed twveethe same.

Subsequent heat treatment is mostly needed to remove the residual stetsspgiuring
cold working.

Higher forces and heavier and more powerful equipment are required for deformation,




Recovery, Recrystallization & Grain Gro

Ductility
Lo
o
T
¥
3
Bl 0 s cheae® Yo ] Hardness
—
Cold worked and Mew grains Temperature

recoverad s \_
!

Racovery Recrystallisation Grain growth
~0.3T7, ~0.57,



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 iseston 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 dislocationsitg can increase 46
orders of magnitude more. The material becomes strongeedsiductile.

1 The cold workec materia is stronge (harder) but is brittle.

d Heating the material (typically below 0.3Yis and holding for sufficient time is @
heat treatment process called annealing.

 Depending on the temperature of annealing processes lilkkevieey at lower
temperatures) or Recrystallization (at higher tempeeajumay take place. During
these processes the material tends to go from a micro stallgtmetastable state {o
a lower energy state (towards a stable state).

 Further ‘annealing’ of the recrystallized material cardi¢agrain growth.

Annealedmaterial Strongematerial

I N
pdislocaticn - (106 _109) lodislocatim - (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 interstitidland 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



Overview of processes taking place during anneali

ng of cold

worked material and the driving force for these pro cesses

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 boundarie

sGrain growth

T Strength | 1 Hardnes$ | 1 Electrical resistanc

J

e || Dljctility

Changes occur to almost pliysicalandmechanicaproperties



Recovery

J Recovery takes place at low temperatures of amueali
O “Apparently no change in microstructure”

O Excess point defects created during Cold work bseded:
» at surface or grain boundaries
» by dislocation climb

 Random dislocations of opposite sign come togethdrannihilate each other

O Dislocations of same sign arrange into low enemyfigurations:
» Edge— Tilt boundaries
» Screw— Twist boundarie
= POLYGONIZATION

O Overall reduction in dislocation density is small

At the early stage of annealing of cold formed metals, edethermal energ)
permits the dislocations to move and form the boundariespofiygonized subgrai
structure while the dislocation density stays almost unged.

L This process also removes the residual stresses formed adweld working
significant. The recovering of physical and mechanicalpprtes varies with th
temperature and time.

=




POLYGONIZATION

+ Bent crystal




Recrystallization

d TrecrystallizationD (0-3 o 0-5) Tn
O “Nucleation” and growth of new, strain free crystals

 Nucleation of new grains in the usual sense may not be prasehgrain boundar
migrates into a region of higher dislocation density

1 AG (recrystallization) = G (deformed material) — G (undefadmaterial)

 Trecrystallization!S the temperature at whichO % of the material recrystallizes ifh
hour

Region of lower

Region of higher .7 dislocation density

dislocation density

Direction of grain |~
boundary migration




Recrystallization

1 Deformationt = recrystallization temperature (I ciajizatiod |
O Initial grain size| = recrystallization temperatute
O High cold work + low initial grain size> finer recrystallized grains

O 1 cold work temperature> lower strain energy stored
= 1 recrystallization temperature

 Rate of recrystallization = exponential functiontednperature

' Trecrystatizatio = Strong function of the purity of the mate

Trecrystallization(yery pure materials) ~ O"?fnT
Trecrystallization(lmpure) - (0-5 - 0-6) I';l_

> Trecrystallization(gg-999Cy0 -pure AI) ~ e
Trecrystalization(COMmercial purity) ~ 27&

O The impurity atoms segregate to the grain boundary anddrebair motion—
Solute dragcan be used to retain strength of materials at high temrest

[ Second phase particles also pin down the graindmyrduring its migration




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 are
-08 Ty, such that the sample is soft and ductile. The effects of rstrai
-0.7T, hardening are negated by dynamic and static procesdaesh keep

the sampl¢ductile’
-0.6T,

U The lower limit of temperature for hot working is taken as 0,6

Hot Wor&»

= 0.4 T mep| RecCrystallization temperature (~ 0.4)T]

-02T O The effects of strain hardening is not negated. Recovery
mechanisms involve mainly motion of point defects.

4 Upper limit»0.3 T,

(‘Zold Work



Grain Growth

 Large grains have lower free energy than small grains. This is associatedhsi
reduction of the amount of grain boundary.

 Therefore, under ideal conditions, the lower energy state for a metal would be
single crystal. This is driving force for grain growth.

[ Opposing this force is the rigidity of the lattice. As the temperature ise@®athe
rigidity of the lattice decreases and the rate of grain growth is more rapid.

1 At any given temperature there is a maximum grain size at which thesefteatseare
In equilibrium

|1=4

| Heating Time

| Degree of prior deformatioh

Grain growth | Time at temperatute

Grain size—

| Annealing temperatuie

| Insoluble impuritie$ Temperature—

Effect of temperature on recrystallized grain si

as



Summary
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Questions ?

Cite the primary differences between elastic, anelastd, @lastic deformatiol
behaviors.

Define Slip and Slip system. Give the slip systems of BCC, @@ HCP

Define Twinning. Give the preferred twinning plane and twiyg directions of
BCC, FCC and HCP

It is possible to have both slip and twinning occur in the sama@n? Explain
Which properties would be affected by preferred orientatind why?

Explain the reason for the increase in ductility of most rse#s the temperatur

IS raised.

A piece of copper originally 305 mm (12 in.) long is pulled ension with g
stress of 276 MPa (40,000 psi). If the deformation is entiedhstic, what will be
the resultant elongation? [E for copper is 110 Gpa]

Make a schematic plot showing the tensile engineeringstetisain behavior fo
a typical metal alloy to the point of fracture. Now superirmpoon this plot 3
schematic compressive engineering stress—strain curvedsame alloy. Explai
any differences between the two curves.

—

[
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Questions ?

10.

11.

12.

13.

14.

Which of the following is the slip system for the simple culoiystal structuret

Why? {100} <110>, {110} <110>, {100} <010>, {110} <111>.

Explain the difference between resolved shear stress aichcresolved shea

stress. Derive the expression for critical resolved shirass.

Would you expect a crystalline ceramic material to straimdba at roorm
temperature? Why or why not?

Briefly explain why some metals (i.e., lead and tin) do noaist harden whel
deformecal roomn temperatur.

Sometimes cas cos. in CRSS equation is termed the Schmid factor. Deterr
the magnitude of the Schmid factor for an FCC single crystented with its
[120] direction parallel to the loading axis.

Consider two edge dislocations of opposite sign and havipgotanes that art
separated by several atomic distances as indicated indigeaain. Briefly describy
the defect that results when these two dislocations becdigeed with each

other.
J_ —
T




Questions ?

15.

16.

17.

18.

19.

20.

Is it possible for two screw dislocations of opposite sigmammihilate each other
Explain your answer.

For each of edge, screw, and mixed dislocations, cite tlaioakhip between th
direction of the applied shear stress and the directionsdbdation line motion.

Consider a single crystal of nickel oriented such that ailerstress is applied

along a [001] direction. If slip occurs on a (111) plane an@in101] direction
and is initiated at an applied tensile stress of 13.9 Mpa. @denthe critica
resolved shear stress.

A single crystal of a metal that has the BCC crystal structsi@iented such thé
a tensile stress is applied in the [100] direction. If the magle of this stress i

4.0 MPa, compute the resolved shear stress in[tti direaticgach of the
(110), (011), and@o1) planes. On the basis of these resolved stieas values

which slip system(s) is (are) most favorably oriented.

List four major differences between deformation by twirgnand deformation by

slip relative to mechanism, conditions of occurrence, amal fesult.
Briefly explain why HCP metals are typically more brittleath FCC and BC(

e

S

L4
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metals.




Questions ?

21.

22.

23.
24.

25.

Describe in your own words the three strengthening mecheniiscussed in thi
chapter (i.e., grain size reduction, solid-solution gjtbening, and strai

hardening). Be sure to explain how dislocations are inwiblue each of the

strengthening techniques.

Two previously undeformed cylindrical specimens of an\alaze to be straif
hardened by reducing their cross-sectional areas (whilatawaing their circulat
Cross sections). For one specimen, the initial and defonadi are 15 mm ang

12 mm, respectively. The second specimen, with an init@dibusof 11 mm, must

have the same deformec hardnes as the first specime; computt the secon
specimen’s radius after deformation.

Briefly cite the differences between recovery and rectiyzédion processes.

Explain the differences in grain structure for a metal thed been cold worke
and one that has been cold worked and then recrystallized.

What is the driving force for recrystallization? And for grgrowth?

L

—

d
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Introduction

An alloy is a substance that has metallic properties and is compdsadooor
more chemical elements, of which at least one is a metal.

An alloy system contains all the alloys that can be formed éyerl elements
combined in all possible proportions. If the system is mag®ftwo elements, i
Is called abinary alloy systenthree elements, @rnary alloy systenretc.

Taking only 45 of the most common metals, any combinationwaf 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 percent eact binary systen will yield 10C different
alloys.

Since commercial alloys often contain many elements, itpigagent that the
number of possible alloys is almost infinite.

Alloys may be homogeneous (uniform) or mixtures. If the alloy is bganeous |
will consist of a single phase, and if it is a mixture it will Becombination o}
several phases.

The uniformity of an alloy phase is not determined on an atasuale, such as the
composition of each unit lattice cell, but rather on a mucbdascale.

[ g o
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Phase

O Aphase is anything which is homogeneous and physicallyndist

O Any structure which is visible as physically distinct misompically may be

considered as a phase

O For most pure elements the teqmhaseis synonymous with state. There |

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 sguttundergoes
phase change since each type of crystal structure is pliysilestinct.

O In a pure material when other elements are added intenlyotiey are called
alloying elements*

 Alloying elements are added to improve certain propertide@®pure element

 The alloying element can be accommodated in one of the trosalplities ag

shown in the figure below

™4

A

* When added small quantity it is often called doping
‘In Principle’ there is no difference between an ‘impurity’ and ‘allay



Classification of alloys

.1Segregation / phase separation

1] .
~{Interstitial

.......... ISeardara (h

Element Adde(ﬁ{?/- ----- 1Solid solutiory” - . p——
. noraered

Substitutiona

Compound /Intermediate structuire
(new crystal structur

Segregation / phase separation

 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 lik&location corestc.

 The solubility in the case of a substitutional solid solatis given by Hume-
Rothery rulegconsidered soon)




Solid Solution s

Any solution is composed of two parts: a solute and a solvEm& solute is thé
minor part of the solution or the material which is dissolvadhile 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 solutiansaturatedsaturateg and
supersaturated

If the solvent is dissolving less of the solute than it couldsdive 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, undeuiigrium conditions,
the solution issupersaturated.

The supersaturated condition is an unstable one, and ghaumgé time or a little
energy, the solution tends to become stable or saturated e@cting or
precipitating the excess solute.

A solid solution is simply a solution in the solid state andmgsts of two kinds o
atoms combined in one type of space lattice.

U

L g i

L
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There are two types solid solutions, substitutional andargtitial.




Mechanical Equilibrium of a Rectangular Block

Potential Energy = f(height of C)—

Centre B
Of ---1---»0
Gravity

o

Ball on a plane
Neutral Equilibrium

Unstable

.

Metastable stat

=4

Stable

Lowest CG of all possible
states

v

Configuration—



Substitutional Solid Solution

O In this type of solution, the atoms of the solute substitoteatoms of the solver
In the lattice structure of the solvent.

O For example, silver atoms may substitute for gold atomsauthosing the f.c.¢

structure of gold, and gold atoms may substitute for siltens in the f.c.c lattice
structure of silver.

O All alloys in the silver-gold system consist of an f.c.c ikedt with silver and golc
atoms distributed at random through the lattice structlii®s entire systen
consists of a continuous series of solid solutions.

O Severe factors are now known largely througt the work of Hume-Rothen, that
control the range of solubility in alloy systems.

Empirical (precise) rules for the formation of substitutad solid solution

[ The solute and solvent atoms do not differ by more than 15%aimelter
 The electro-negativity difference between the elemergsiall

O The valency and crystal structure of the elements is same
Additional rule

O Element with higher valency is dissolved more in an elemdnbwer valency
rather than vice-versa

t

U




Hume Rothery Rules

CRYSTAL-STRUCTURE FACTOR : complete solid solubility of dnelements is$

never attained unless the elements have the same type tdldagBce structure.

RELATIVE-SIZE FACTOR : The size factor is favorable for sblisolution
formation when the difference in atomic radii is less thaawdtd. 5%

-r

. r
mlsmatch:[ solute

solventj % 1OOS 15
r

solvent

VALENCY RULE : a metal will dissolve a metal of higher valenty greatetr
exten thar one of lower valency. The solute anc solven atom¢ shoulc typically
have the same valance in order to achieve maximum solubility

ELECTRONEGATIVITY RULE : Electro negativity difference @$e to ‘0O’ gives
maximum solubility. The more electropositive one elememid ahe more
electronegative the other, the greater is the likeliho@d they will form an inter
metallic compound instead of a substitutional solid solutiThe solute and th
solvent should lie relatively close in the electrochemssaies.

( f

Please Read Carefully!

e



Hume Rothery Rules

Examples of pairs of elements satisfying Hume Rothery rules and forming corsplils
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 ioosdare satisfied
e.g.Cu-yFe

\U



Interstitial Solid Solutions

 The second species added goes into the voids of the paricd |at

 E.g. Octahedral and tetrahedral voids in CCP, HCP (& BCC)staly
(E.g. of solvents: Fe, Mo, Cr etc.)

d E.g.B(r=0.97A) C(r=0.77A), N (r=0.71A), O (r =0.66A), H (r = 0.46A)

 If the solute atom has a diameter059r, . then extensive solubility is expect
(may or may not happen!)

1 Solubility for interstitial atoms is more in transition etents (Fe, Ti, V, Zr, Ni, W
U, Mn, Cr) — due to electronicstructure« (incomplet inner shell’

O Cis especially insoluble in most non-transition elements

FCCOV FCCTV

BCCTV BCCOQOV
@ ® ® ®

r® —081A

C = 077A N =0.71 A @ r° =0.66 A @ r" =0.46 A

@0



Compound /Intermediate structure

 Chemical compounds are combination of positive and negatalence elements.

Intermetallic compounds can be very different from the rarnechemical
compounds (e.g. D).

 Most compounds like pure metals, the cooling curve for a acsimpg is similar ta
that for a pure metal.

Valency compoundgr)
41 Intermetallic compounds

Mg,Sh, M,Pb, Mg€ etc

Interstitial compounds: Hagg

- B Determined by R R, ratio

: W,C, VC, FgN etc.
Chemical | .~
compounds e Electron compounds
B specifice/a ratio [3:2, 21:13, 7:4]
E AgZn, CyAl,, AuSn
E Others

|Laves phases, Sigma Phases etc.,




Valency Compounds (Intermetallic compounds)

The following includes features distinguishing them from solid solutions

a

U OO

COO0O0D0 DO

Different crystal latticas 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 formwla@ B, : Mg,Sn, MgPb, NL(Al,Ti)
(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 solutions!




E Interstitial compounds: Hagg Phases

L Transition metals form compounds with elements with small ateinécH, 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 compositiofthe chemical formula indicates tf

maximum amount of non-metal in the structure)

O Properties include:
» High electrical conductivitywith decreasing conductivity with increasing temsere 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



Electron Compounds

d

a

It have a definite ratio of valence electrons to atoms and are thereftiesl adectron
compounds.

These compounds are formed usually in:

» Monovalent metal$¢Cu, Ag, Au, Li, Na)

» Transition metal¢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 mmber of valence electrons/atoms
» 3:2-B.C.C— (E.g.AgCc, AgZn, CLAl, FeAl etc.,

» 21:13 — complex CUBIG> (E.g. AgCd;, CwAl,, FesZn,,, NiZn,, etc.,)

» 714 —H.C.P— (E.g. AuZp, AgCd, Cu;Si, AgSn)

These compounds can form over a wide range of compositions

For example, in the compound AgZn, the atom of silver has one valence electron wh
of zinc has two valence electrons so that the two atoms of the compound willtiisaes
valence electrons, or an electron-to-atom ration of 3:2.

Consider, In the compound @Al ,,, each atom of copper has one valence electron and
atom of aluminium three valence electrons, so that the 13 atoms that makee!
compound have 21 valence electrons, or an electron-to-atom ration of 21:13.

le tha

each
ip th




E Others..!

Laves Phases

d Laves phases have a general formula of ,ABfor exmple MgCy(cubic), MgZn,
(hexagonal), MgNi (hexagonal).

Sigma Phases

L Sigma phases has a very complex crystal structure and is very brittlepfidse can act as

a source of embrittlement in some alloys such as steels.




Summary

Alloy Structure

/\

Homogeneous

/\

Solid solution

Intermediate
alloy phase

Mixture

L

Any combination of solid phase

Substitutional

Interstitial

— —_—

segregation

B Solid solution ~

Intermediate alloy

Intermetalic

Interstitial

Electron

S



Questions..?

Whatis an ALLOY?

What is a solid solution?

How many types of solid solutions are there? Give examplesdoh of them?
What are Hume-Rothery rules?

If two metals have very different electronegetavity wikkthform a solid solution?
How does valence of an element affect the solid solubility?
What is an ideal solution?

Whaiis ar intermetalliccompound

. What is Hume-Rothery phase?

10.The atomic radius of Cu is 0.128 nm and electronegativity.& What is the
probability of lead, Pb (atomic radius 0.175 nm, electratigy 1.6) and zinc, Zr
(atomic radius 0.133 nm, electronegativity 1.7) formingidscsolution with
copper?

11.Nickel, Aluminium & Copper have face cantered cubic struetyet Ni is soluble
In copper whereas Al has only a limited solubility. Explaihyit is so?

© 0N s WDhPE




Questions..?

12. Predict the relative degree of solid solubility of the following elementser(r = 0.124 nm
electronegativity 1.7). Ni (atomic radius, r = 0.125 nm, electronegativ&y, Tr (r = 0.125
nm, electronegativity 1.6), Ti (r = 0.147 nm, electronegativity 1.3)

13. What kind of metals form carbides?

14. FCC crystals have more packing density than BCC crystal, yet why sdjubflicarbon in
FCC form of iron is higher than in its BCC form?

15. What is the effect of plastic deformation on lattice parameter?
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Introduction

O Phase diagrams are an important tool in the armory of an raltecientist

O In the simplest sense a phase diagram demarcates regiorstainee of various
phases.Phase diagrams are maps)

O Phase diagrams are also referred to @suilibrium diagramsor “constitutional
diagrams”. This usage requires special attention: through the ternd use
“equilibrium”, in practical terms the equilibrium isot global equilibrium but
Microstructural level equilibrium.

O Broadly two kinds of phase diagrams can be differentiatedhose involving time
anc those¢which da notinvolve time.

O In this chapter we shall deal with the phase diagrams notwmn@gtime.
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)

O Time-Temperature-Transformation (TTT) diagrams and @oous-Cooling-
Transformation (CCT) diagrams involve time. These diagrawvill be considered
In the chapter on Heat treatment.

JJ

*This is form a convenience in understanding poirvi@w



Definitions

Components of a system

O Independent chemical species which comprise the system. These catldrbentsons,
Compounds

Example: Au-Cu system Components—Au, Cu (elements)
lce-water systernComponent>H,O (compound)

Al ,05-Cr,0,4 systent Components>Al,O,, Cr,O,4

Phas

O A physically homogeneous and distinct portion of a material system (e.g.coasal,
amorphous...)

O

Gases Gaseous state always a single phasenixed at atomic or molecule level.

O

Liquids: Liquid solution is a single phase e.g. Nacl in HO andLiquid mixtures consists
of two or more phases»> e.g. Oil in water 0o mixing at the atomic level)

JJ

L Solids: In general due to several compositions and crystals structures many p@rases
possible.

v For the same composition different crystal structures representatiffphases. E.dre
(BCC) and Fe (FCCare different phases




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 sometimes-Based on size/geometry of an entdy Nanocrystalline, mesoporous,
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

L The single crystalline part of polycrystalline metal separated hyiai entities by a grair
boundary

—




Definitions

Solute

 The component of either a liquid or solid solution that is present to a lesser or extent;
the component that is dissolved in the solvent.

Solvent

L The component of either a liquid or solid solution that is present to a greater jor ma
extent; the component that dissolves the solute.

Systen

L System, has two meanings. First, “system” may refer to a spedibdy of material or
object. Or, it may relate to the series of possible alloys consistingeofame components,
but without regard to alloy composition

Solubility Limit

O For many alloy systems and at some specific temperature, there is xamuma
concentration of solute atoms that may dissolve in the solvent to form a saliiosglthis
Is called a Solubility Limit.




Definitions

Microstructure

U (Phases + defects + residual stress) & their distributions

O Structures requiring magnifications in the region of 100 to 1000 times. (o#)distribution
of phases and defects in a material.

Phase diagram

O Map that gives relationship between phases in equilibrium in a system asteofuotT, 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 diagaaenalso useq
where the axis aré & t




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




Coordinates of Phase Diagrams

 Phase diagrams are usually plotted with temperature, imedsgcentigrade c
Fahrenheit, as the ordinate and the alloy composition igmtgrercentage as tt

abscissa.

 The weight % of component A

A

D> Weightof all components

weightof componentA 100

 The atom (or mol)% of component A

A

> numberof atom: (or mols’ of all component

numberof atoms(or mols)of componentA

x100

 The Conversion from weight percentage to atomic percentamgebe made by th

following formulas:

X

=6

Atomic percenpf A =

x100

W)
x100

ol

Atomic percenbf B =

M = atomic weight of metal A& N = atomic weight of metal B

X = weight percentage of metal & Y = weight percentage of metal B

4

r

e




Experimental Methods

Thermal Analysis

A plot is made of temperature vs. time, at constant composition, the resattioling curve will

show a change in slope when a phase change occurs because of the evolution of heat by the

phase change. This method seems to be best for determining the initial drtdrinparature of
solidification. Phase changes occurring solely in the solid state genamablve only small
heat changes, and other methods give more accurate results.

Metallographic Method:

VJ

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 haghperature
structure. The samples are then examined microscopically. This metddfiasity to apply to
metals at high temperatures because the rapidly cooled samples do nat edteay their high
temperature structure, and considerable skill is then required to ietetpe observed
microstructure correctly.

L4

X-ray diffractiom

Since this method measures lattice dimensions, it will indicate the agopesof a new phage
either by the change in lattice dimension or by the appearance of a newl @tystcture. This
method is simple, precise, and very useful in determining the changesidnssability with
temperature




Gibbs Phase Rule

 The phase rule connects the Degrees of Freedom, the numbemgonents in a
system and the number of phases present in a system via a&sauehtion.

O To understand the phase rule one must understand the earialihe 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
QiasyslEn or C — Number of Components
FE.-C+p=2 |P—NumberofPhases

equilibrium

-4

The degrees of freedom cannot be less than zero so that weahaygper limit to the
number of phases that can exist in equilibrium for a giveresys




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) variable®d composition is expressed |i

%age: ther the total is 10C% — there is one equatior connectini the compositiol variables and we
need to specify only (C - 1) composition variables)

No. of variables required to specify the composition of alhpes: P(C — 11§ there
are P phases and each phase needs the specification of (Caridples

Thermodynamic variables = P + T (usually considered) at2opstant pressure (e.g.

atmospheric pressure) the thermodynamic variable becdmes

Total no. of variables in the system=P (C—-1) + 2

Q7

F <no.ofvariables  F<P(C-1)+2




Gibbs Phase Rule

o For a system in equilibrium the chemical potential of each species is ga@ll the
phases

v If a,B,v... are phases, thep; (a) = ps (B) = pa (7).

v Suppose there are 2 phasesand f phases) and 3 components (A, B, C) in each phase thef) =

Ua(B), pug(a) = ug(B), uc(a) = uc(p) — i.e. there are three equations. For each component thergrare
1) equations and for C components the total number of equai® 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 e =+

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:

0 Components ‘can’ go on to make a phas&cburse 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 microstructifcourse phases can also directly go on to mak
microstructure)

he

NaSeS

BC

ea




Gibbs Phase Rule
A way of understanding the Gibbs Phase Rule : P=+0 2

The degrees of freedom can be thought of as the differenegebatvhat you (can)
control and what the system controls

F

C+2

Degrees of freedor= | What you can contra

What the system controls

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 componentsiarer 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




Unary Phase Diagram

Let us start with the simplest system possible: the unary system whaesm 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+ﬁ\/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) is-2 i.e. 0.17
we can chose either T or P and the other
will be automatically fixed. 6x 10

The 3 phase co-existence points (at A) are

Liquid

vaporisagion

congénsation

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)



Unary Phase Diagram

Temperature (°C)

50 100 150
Pressure / kbar

The above figure represents the phase diag@npure iron. The triple point
temperature and pressure are A9&nd 110 kbars, respectively, y and ¢

refer to ferrite, austenite anekiron, respectively.s is simply the higher
temperature designation of



Binary Phase Diagram

U O

U O 0O O

Binary implies that there are two components.

Pressure changes often have little effect on the equihibofisolid 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 dsgrehese have bee

classified based on:
v' Complete solubility in both liquid & solid states

v" Complete solubility in both liquid state, but limited sollily in the solid state

v" Limited solubility in both liquid & solid states

1”4

n



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

ey Eutecti
Complete solubility in liquic bl
state but limited solubility

in the solid state R

Peritectic
Monotectic

Limited solubility in both liquid T

& Solid states sbha Sk

Metatectic




Isomorphous Phase Diagram

U O

Isomorphous phase diagrams form when there is completel 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: region: there will be a two

S

phase region— In the isomorphous diagram between the liquid and solicke 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 mayt bhe followed)— these will
be considered as a variation of the isomorphous system (aitiplete solubility

In the solid and the liquid state.




Temperature (°C)

cooling curves : Isomorphous system

Cu-20%Ni
Cu-10%Ni

Time (t)



Revision : Solidification (cooling) curves

Pure metal

Time (t)

A Alloy

Soldification
begins

L+ S

Solidification
complete

Time (t)



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
E=> Liquid (L)
C=2
> P=2 (L+S)
F=1

In the twc phase

region, if we fix T
(and hence exhaust
our DOF), the
composition of liquid
and solid in
equilibrium are
automatically  fixed
(.,e. we have no
choice over
_ them).Alternatively

C=2 we can use our DOF

P=1 (Solid) : _ to chose Gthen T
F=2 Cu 06 NI — NI and G are

automatically fixed.

Temperature—
=
o
0
o
O

v

Solid (S)

T and Composition can both be
varied while still being in the single
phase region



Tie line and Lever rule

Chemical Composition of Phase SimRIERREN ][

 To determine the actual chemical composition of the phadeanoalloy, in

temperature line, called tze line, to the boundaries of the field . These points
Intersection are dropped to the base line, and the composstiread directly.

equilibrium at any specified temperature in a two phaseorgegiraw a horizontg

of

Relative Amounts of Each Phase Lever Rule

 To determin: the relative amount of the two phase in equilibriurr at any specifiec
temperature in a two phase region , draw a vertical line ssong the alloy and
horizontal temperature line to the boundaries of the field.

 The vertical line will divide the horizontal line into two ga whose lengths af
Inversely proportional to the amount of the phases pre3dms. is also known a
Lever rule.

 The point where the vertical line intersects the horizohted may be considere
as thefulcrumof a lever system.

 The relative lengths of the lever arms multiplied by the anmswf the phase
present must balance.

a

S

d

S




Tie line and Lever rule

O O

We draw a horizontal line (called the Tie Line)at the tempae of 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 coexasteegions (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 &
proportional to the fraction of the solid af

@“D—>

!

liquid phase present (this is lever rule)

Cz _Co
Cz _C1

liquid ¢,—G, fsoia =

Temperagur

Arm of the lever
proportional to the
Liquid

Arm of the lever
proportional to the
Cooling Solid

Fulcrum of the lever |




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% % 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




Variations of Isomorphous System

An alloy typically melts over a range of temperatures. However, therg@@cial compositions whig
can melt at a single temperature like a pure metal. There is no difierenthe liquid and solic
composition. It begins and ends solidification at a constant temperature with noecha
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
+ Variables — T, C/8, Cs8 =3 |
Case A L *5 ; Case B
Commen fangent fo f.":,r-'ifr:l"-'j-f. ﬂnﬂ'—-'-u;ri':fw-' linex iy korizontal Cum}.ﬁ@u tangent o liguidus and solidus lines (s horizontal
p o : C=2 1
- ™ P=2 > 1 N . + ]
P N 5 7,
LM : F =172 (see below) | = qumd "
Congruent melting L4 .
alloy | . N
Cangruent melting
, alloy, "\
Solid re £
. l' i
2 i T Solid
A o %B — B N A C. %B - B

Y Ve

U Congruently melting alloys— just like a pure metal

O Is the DOF 1? No: in requiring tha€? = C¢ we have exhausted the @egiéreedom. Hence T is

automatically fixed— DOF is actually Zero..!

h



Variations of Isomorphous System

L Elevation in the MP means that the solid state is ‘more stabtately speaking the orderad

state is more stabje— ordering reaction is seen at low T.

L Depression in MP ‘means’ the liquid state (disordered) is more stalydase separation |s
seen at low T. fhase 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 langent to figuidus and solidus lines is horizontal : // I,
T, : Liquid
i Congruent melting
A ! afloy
) 1 LN
Congruent melting . -
alloy !
B Solid
SOIld Ty i 4 o, & o, have the same
1 i (9 e . crystal structure & differ
e vy O\ ! '\-.\ only in lallice parameter(s)
S . : ),-' ;
4\ | [,
I F i Ordered \ : OL, [ a,
/| S .jiot;?j N s A

A Tl %B — B A C  %Bo B



Examples of Isomorphous System with phase separatio

Ni at.%) ~
162030 40 50 60 70 0 %0
o N ' ‘ 143
404 _ . . | :
Au-Ni: model system to
understand phase separation L //_./ //
700 / - =
T |wes f-/
Sonal | gl -
R
E pokd20 |
2 800 T - [3% 1“"\\
&
600
o, 40, a,
400

Au 10 20 30 40 50 60 70 80 90 Ni
Ni(wt.%8) > :

Temperature (°C) —>

Weight Percent Platinum —

0 10 20 30 4 S0 60 0 K 90 1o
s i ! ! J ‘ ‘ 1763.9°C
1600 3
1400 _ 3
10 43 y
1000 1 /

800 . @ /
] : .

Au-Pt system with phase
separation at low temperatures

30 40 50 60 ':r'{]' ) G0 100

Pt

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 .

of a



Equilibrium Cooling

This alloy at temperature jTis a homogeneous single-phase liquid solut{@ein and
remains so until temperaturei$ reached. Since ;I8 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-5Bby tie line rule).Since the solid solution in
forming takes material very rich in A from the liquid, the liquid must geher in B. Jusit
after the start of solidification, the composition of the liquid is approxedas 69A-318

(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 afid o,
Applying tie line rule,a, iIs 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,




Equilibrium Cooling

In order for equilibrium to be established af the entire solid phase must bg a

compositiona,. This requires diffusion of B atoms to the A-rich core notyofitbm
the solid just formed but also from the liquid. This is po$sib crystal growth(c).

The composition of the solid solution follows the soliduseli while the
composition of liquid follows the liquidus line, and both gdes are becomin
richer in B.

At T; (d) the solid solution will make up approximately three-fosrtf all the
material present.

Finally, the solidus line is reached at, &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 ev&ef any differenc:
In chemical composition inside the grains, indicating tifflusion has made th

ot

e

grain homogeneous.




Equilibrium Cooling

O The very slow cooling , unde

equilibrium  conditions,  Of
particular alloy 65Cu - 35Ni wil

now be studied.

el

Cu-Ni Phase Diagram

L (liquid) ‘L: 35Wt%Ni

A — Homogeneous single phase 3158\/%0;) |\n:‘ A =
(Liquid) a: 46 witpo Ni
B - ‘B is on the liquidus line, G '
SO|IdIfIC8..tIOF now begin:, - % b Wit N
C — Solid surrounded by liquid& 20 3 Wt% Ni
o 1
crystals.. | | = W% Ni
D — ‘D’ is on the solidus line} @ 5 \Wt% Ni
solidification now ends.
_ S (solid)
E — Homogeneous single phgse ( )
(Solid) 110 L | |
20 30 35 40 50 ..
Cu CO NI

% Ni—



Non Equilibrium Cooling - Coring

O In actual practice it is extremely difficult to cool underusitbrium conditions.
Since diffusion in the solid state takes place at a very sk, nit is expected tha
with ordinary cooling rates there will be some differenceti® conditions a
iIndicated by the equilibrium diagram.

 Consider again 70A-30B alloy,
solidification starts at Jforming
a solid solution of composition
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 timej
will be allowed to achiev
uniformity in the solid, and th
average composition will b
betweem, anda, sayo’,

Temperature

i 1 l L
A 10 20 30 40 50 60 70

Composition. weight percent B

Nonequilibrium Cooling




Non Equilibrium Cooling - Coring

As the temperature drops, the average composition of tie saution will depard

still further from equilibrium conditions. It seems thatthomposition of the soli
solution is following a fhonequilibriunt solidus linea; to o', shown dotted line
in figure.

The liquid, on the other hand, has essentially the composgiven by the liquidus
line, since diffusion is relatively rapid in liquid. At;Tthe average solid solutio
will be of compositiony’ ; instead ofu;

Under equilibrium cooling, solidification should be coram at T, ; however, since

the averag compositiol of the solid solutior o’ , has not reache the compositiol
of the alloy, some liquid must still remain. Applying levarle at T, givesao’, =
75% and L, = 25%.

Therefore, solidification will continue until JTis reached. At this temperature t

composition of the solid solution’; coincides with the alloy composition, and

solidification is complete. The last liquid to solidifyglis richer in B than the las
liquid to solidify under equilibrium conditions.

)
5

JJ

n

>4

he

bt




Non Equilibrium Cooling - Coring

 The more rapidly the alloy is cooled the greater will be thenposition range in th
solidified alloy. Since the rate of chemical attack varieghweomposition, prope
etching will reveal the dendritic structure microscopiga(see below figure). Th
final solid consists of a “cored” structure with a higher-iiag central portion
surrounded by the lower-melting, last-to-solidify shéllhe above condition is
referred to as coring or dendritic segregation.

n'—._ el B =N . A
L] W) L i
s & I‘ &
« < |}
\er» -

Del“ndntlc 'Sfruc:ture

O To summarize, nonequmbrlum cooling results in an inceeatemperature range
over which liquid and solid are present; Since diffusion has kept pace wit
crystal growth, there will be a difference in chemical cosigon from the center t
the outside of the grains. The faster the rate of coolinggtieater will be the abov
effects.




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




Homogenization

Cored structures are most common in as-cast metals. Froaather discussion @
the origin of a cored structure, it is apparent that the laftl ormed along the

grain boundaries and in the inter-dendritic spaces is Jehyin the lower-melting+

point metal.

Depending upon the properties of the lower-melting-poingtal) the grair
boundaries may act as a plane of weakness. It will also resaltserious lack o

uniformity in mechanical and physical properties and, imsocases, increased

susceptibility to intergranular corrosion because ofgnaftial attack by corrosiv
mediun. Therefore for some¢ application a corec structureis objectionabl.

There are two methods for solving the problem of coring. Gnéoiprevent its

formation by slow freezing from the liquid, but this resuitlarge grain size an
requires a very long time. The preferred method indusyriadl to achieve
equalization of composition or homogenization of the catdcture by diffusior
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 linfysion will be more
rapid and homogenization will occur in a relatively shamiei.

f

A} "4

|
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e
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Eutectic Phase Diagram

Very few systems exhibit an isomorphous phase diagram [ystlze solid
solubility of one component in another is limited).

Often the solid solubility is severely limited — through thalid solubility is never

zero (due to entropic reasons).

In a Simple eutectic system (binary), there is one commus#it which the liquic
freezes at a single temperature. This is in some sense stmidapure solid whick
freezes at a single temperature (unlike a pure substancketheing produces
two solid phases both of which contain both the components).

The termEutecticmeansaagynalingg— The alloy of eutectic composition freez
at a lower temperature than the melting point s of the carestitcomponents.

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 abhwitheat to solde
two materials).

—

a

eS

oC,

e

In the next page we consider the Pb-Sn eutectic phase diagram




Eutectic Phase Diagram

Liquidus
327°C 4

Eutectic
L>a+f L+p

,/
N
\
\I,/
I
1

232°C

O

L o ﬁ

3 1

; \ :

(b} YA !

= | i :

= \\-‘ Solvus :

Pb 18% 0% Snh — 62% 97%Sn
Eutectic reaction at 18G L — + P

62%Sn — 18%Sn + 97%Sn



Example : Cu -Ag Eutectic System

O Raoult’s law states that the freezing point of a pure sulostavill be lowered bﬁ
the addition of a second substance provided the latter igbkolin the pure
substance when liquid and insoluble when solidified. The@wam of lowering of
the freezing point is proportional to the molecular weighthe solute.

AR -4

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)




Microstructural Characteristics of Eutectic System

/I_: C, wt% Sn

400

300 -

Temperature (°C)
N
3

L: C,wt% Sn
Z

'+

TE 1
1
1
|
100 +
1
|(‘,:0
1
1
] ]
o:\2 10 20 30
Pb 2% wt% Sn—

400

300 T

Temperature (°C)
o
(@)

100 1

0 100 ' 20 30
Pb wt% Sn—

 To reiterate an important point: Phase diagram do not contain microstructimanation
(i.,e. they cannot tell you what is the microstructures produced by coolidigen
microstructural information is overlaid on phase diagram for convenience.e;istrctly
cooling is not in the domain of phase diagram — but we can overlay such inforn

keeping in view the assumptions involved.

1ation




Microstructural Characteristics of Eutectic System

d 18.3wt% Sn< G<61.9 wt% Sn

 Microstructure consists a crystals and a eutectic mianosire

. 0
L Co whb Sn o - —Just abovdy:
L
— 0
200k ] p % Co = 18.3 Wt% Sn
. : C, =61.9wt% Sn
O L+ I S
< I W = = 0
9200:(1 ' R : S : L+B B a R+S 50 wt%
g T R S ! W, = (1-Wg) = 50 wt%
) | : I : Q
o I : I
= 100 o+ | | ¥ — Just belowl :
— ! : I : M
L : : " etfecic. Cq = 18.3 Wt% Sn
S— ' L L__i]ewecicl g = 97.8 wi% Sn
0 20 40 60 80 97.8100 S
Pb 183 61.9 Sn Wa = = 72.6 wt%

R+S
Wp = 27.4 Wt%

wt% Sn—




Microstructural Characteristics of Eutectic System

| Co:CE

 Microstructure represents Eutectic microstructure (lanestructure) alternatin

J

layers (lamellae) of a and b crystals.

Pb-Sn Eutectic Microstructurge

L: C,wt% Sn
300 |
. :
@)
< l
© 200! | L+B([P
3 QI(;- ,; | - |
E | | 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

45.1%a and 54.89§3




Hypo Eutectic — Eutectic — Hyper Eutectic

100

80

0
tectic(61.9%Sn) Sn

20 40
e

Hypereutectic

Hypoeutectic

Eutectic

175 mm

eutectic micro-constituent



Special Eutectic Systems

 Consider the eutectic systemithout terminal solid solubility Bi-Cd

O Technically it is incorrect to draw eutectic phase diagrams with zerd solubility.

a range of temperatures (from ‘p’to 271 °G)which is wrong.

‘P’ the phase rule becomes-:= C-P+1 = 1-3+1 = -1 !l

O This would imply that a pure component (say Bi in the example considered3 medt

[ Also let us consider an example of a point ‘p’ (which lies on the ‘eutectic R{@). At

Weight Percent Cadmium —

10 20 30 40 S0 60 70 KO 90 jpp

4[I|:'| | -___n'_u-:r.r\. n:r-l"|-_ N -:r-:“;vmi.-rnir"-rmmhm“".-‘- T

! " Technically this is incorrect: | | ' L "
350 3 there has to be some terminal | | ST
| 2 solid solubility D | b "\

271442 %C ilh"" // // . P : A

sy T~ A i 7 : N\ Swall terseinal solid
2 | // b - ility seen with .4

3 /'/ i | ..-.-‘"""--\ JI | T a 2x leix T ,./.

G, 200 -//J./.. ; g ..'\-.,_\_._\_..;.;.........._.... s b g, .:..._._,,':. ;.. b | B "
?E ] | ane x| : }

150 &: PR a1 b % pri g Pt U el e Tons e i

LA F_ | | _._t- 3 ' ] o = =

§ T>p | | s 1 Q+« - Y ‘Correct’ version of the diagram with

| (b : { 2 : . . “fa
§ . some terminal solid solubilitv.
S (B ©— 4 '

50 ; Bes

§ ! : D l.ﬂ :;ﬂ 30 40 50 60 '.:"ﬂ !I!ﬂ o0 1 )
0 o 2 3w 4 s e 7 s 9w 10 A %l — B
Bi Atomic Percent Cadmium — Cd



Special Eutectic Systems

Weight Percent Germanium —» .
Weight Percent Copper —»

! (L] an ELl] o = (1] il Hi [} L £}

i Ky e ' - ol W B D N D &N W W
Ml.93 77 IR = [
L (Ag-Ge) - i (AgCu) |0h4.47 “C|
H{H] — T - Y 1 e i — E - B - e 10— ! ! .
; 001,93 T L |
1 t
M1 »
%) (Ag) ; 24 ' () ' .
g_ bl /08 o B o : = T EAE it
5 " Ag) | 7, . i
= = |
S E
3 400 g. Ll
3 £
= (Ge) = =
20
By o —+ = tr - : = 1!
il T g, t 0 i 0 30 1 0 &0 i B e 106
i I 1 i ] 1 &l I B il LOO Ap , . Cu
Ap Ge AL Atomic Percent Capper —»

Awomic Percent Germriiuwm —»

I N

Note that the above is an alternate way of arriving at the obvious contradictioatt‘rﬁatl
on one hand we are saying that there is a pure component and on the other hanc
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 anvariant Point— For a given system it occur

at a fixed composition and temperature.

we are



Application of Lever rule in Eutectic System

AR Eor a 40 wit% Sn-60 wt% Pb alloy at T8 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




Application of Lever rule in Eutectic System

AR Eor a 40 wit% 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.



A
Solved
Example

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

Density data fof anda
p, =10300 Kg/m3

Pp = 7300 Kg/m? calculated by taking the area fractions by doing metallplgyamicrostructure) and
Eutectic Data then converting it into volume fractions (usually volumadtion is assumed to be
183 °C equal to area fraction
62 wt% Sn L : o B
+
62%5n 18%Sn 97%Sn
Using the fact that there is Mol% B phase
Wi. fractionofproeutectcss = Wtotfg = 0.1x 7300
Wtofthealloy| (0.1x7300 + (0.9% 0,,ecticmi)
97-62 62-18
Wher -m —1030 + 730 = 4563+ 4066=862Kg/m’
eloeutectlcm( q97_18) q97—18) g
Substituting in equation (1): Wt. fraction pfqedéestic = 0.086
C,— 062

,C, =0.650=65.0%

U singleverrule: 0.086=

0.97-0.62




Peritectic Phase Diagram

17720 —
Peritectic
L+a->p
L+a <7
B Liquid (L)
< (Py) \ 1186°C
9 'p l\\ B { o~
- a I
@ L+ \
"éi 61.9°C
A
G a+p ( 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  1186°C 42 49pAg



Peritectic Phase Diagram

 Like the eutectic system, the Peritectic reaction is foundyistems with complede
liquid solubility but limited solid solubility.

O In the Peritectic reaction the liquid (L) reacts with oneigaola) to produce another
solid B). L+a — B

 Since the solid forms at the interface between the L and éhéurther reaction i
dependent on solid state diffusion. Needless to say thierbes the rate limiting
step and hence it is difficult to ‘equilibrate’ peritecteactions (as compared to say
eutectic reactions).

\~4

Sl

lr .".r Ir' il IlI

Furthey rrm'rﬁmlimww; dliffusicon

"

erfacial reactio
Interfacial tion
product [

Peritectic Reaction » L+ a —

 In some Peritectic reactions (e.g. the Pt-Ag system — pusviiage). The (purd)
phase is not stable below the Peritectic temperatuge £T1186 °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 theretlvas complet
solubility in the liquid state. It is quite possible, howevéhat over a certail
composition range two liquid solutions are formed that ané soluble in eact
other.

Another term for solubility is miscibility. Substances tleae not soluble in eac
other, such as oil and water, are said to be immiscible. Subet that are part
soluble in each other are said to show a miscibility gap, dmsl is related tg
Monotectic Systems.

Wher one liquid forms anothe liquid, plus a solid, on cooling it is knowr as a
Monotectic Reaction.

It should be apparent that the Monotectic reaction resesrthie eutectic reactiot
the only difference being that one of the products is a licquiéhse instead of
solid phase.

An example of an alloy system showing a Monotectic reactiothas betweer
copper and leadjiven in next page. Notice that in this case the-lL, is closed.

Also, although the terminal solids are indicatedvad, the solubility is actually
so small that they are practically the pure metals, coppeitead.

c

—

\—4

.y




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



The Eutectoild Reaction

This is a common reaction in the solid state. It is very simita the eutectic

reaction but does not involve the liquid . In this case, adsphase transforms g
cooling into two new solid phases. The general equation neayriiten as..!

Coohng
Solid, —— Solid, + Solid,

Heating

The resultant Eutectoid mixture is extremely fine, justlithe eutectic mixture.
Under the microscope both mixtures generally appear theesamd it is not

possiblito determinc microscopicall whethe the mixture resulte« from a eutecti
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 seldlutions i.e. thes
are extreme ends of phase diagramndmn, with four intermediate phases callgd
v, 6 ande. The B’ phase is termed an ordered solid solution, one in which
copper and zinc atoms are situated in a specific and orderadggement withir,
each unit cell.

e

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—)



Cu-Zn Phase Diagram - Eutectoid Reaction

O In the diagram, some phase boundary lines near the bottoghasied to indicate
that there positions have not been exactly determined. @&son for this is that at
low temperatures, diffusion rates are very slow and in@tdily long times are
required for the attainment of equilibrium.

P~ "4

O Again only single- and two- phase regions are found on thgrdra, and the samnje
and we can utilize the lever rule for computing phase contioos and relative
amounts.

|74

 The commercial material brasses are copper-rich copperatloys: for example
cartridge bras: has a compositiol of 70 wt% Cu-3C wt% Zn anc a microstructur

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 appaarmany alloy

systems. The peritectoid reaction may be written as

Coohng
Solid, + Solid, — Solid,

Heating

The new solid phase is usually an intermediate alloy, butay ralso be a soli

solution .The peritectoid reaction has the same relatipnsh the peritectig

reaction as the eutectoid has to the eutectic. Essentiaibythe 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 diffusate will be slower and ther
IS less likelihood that equilibrium structures will be read.

Consider Silver (Ag) — Aluminium (Al) phase diagram fext pag containing 3
peritectoid reaction.

If a 7% Al alloy is rapidly cooled from the two phase area justowee the
peritectoid temperature the two phases will be retainedi tla@ microstructure wil
show a matrix ofy with just a few particles oftx. When we cool at below th

a

e

e

peritectoid temperature by holding we get single phase




Peritectoid Reaction : Ag -Al Phase Diagram

Weight percent aluminium —

10 20
1000 30 40 50 60 80 100
960.5
Cooling
900 Solid, + Solid, —/— Solid3
Heating
800
Liquid

700
- 660
@)
2 &0 p——
q) o
S Ap
T 500 A 2 ao
E 448 \6\:8\/0A|
o -l } ;
= 400 “---.__| Peritectoid
= 300 UpgsY — N

200

100

O 10 20 30 40 50 60 70 80 90 100
Atomic percent aluminium — Al



Monotectoid Reaction : Al-Zn Phase Diagram

800

700 T Monotectoid
660 = Liquid

a— o'+
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P L+
500 »‘B
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perature (°C)
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Syntectic Reaction : Ga — | Phase Diagram

0 10 2030 40 50 60 7

Weight Percent lodine
70 80 90 100

Temperature®C)
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1
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i ]
1
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1
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I
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frmmmm
! s
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i L ,+L —Gal
.: 113.6°C
RS RaEC T

(Ga)
0 50 65.5 75 100
I

Atomic Percent lodine



Metatectic Reaction : Fe - Sc Phase Diagram

Weight Percent Scandium
60 70 80 90 100

30 40 50
Y ; et s b e e e ,.,...,.,‘L

1541°C

-1337°C

o
° ;
% i e
5 i { H
= ! / ‘
; !
900 i {
'-: : =t .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 representéetiatectic reaction,
0 Fe — yFe + Lat 1360°C




Summary of Invariant reactions

Name of reaction

Phase equilibrium

Schematic representation

: N L+S L+S
Eutectic Lo S5 +S, S : ;111/82 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,




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 50 60 70 80 90 100
Weight Percent Chromium»




Allotropic Transformations: Fe -Fe,;C System

Peritectic .
L+d>y | s : 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 diagran|\ %C —s




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 Cu,Au FeAl

of t

 two

ered
2%




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




Note

. Some of the equilibrium diagrams discussed under the simple typés are
the same as actual ones. Many alloy systems have diagrams which show
more than one type of reaction and are generally more complex than the
simple types.

 However, even the most complex diagrams show mainly the reagtions
that have been covered. The student should be able to label a|phase
diagram completely; understand the significance of every point, 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.




Questions..?

. What is Gibbs phase rule? And state the application of it in phase diagrams.

. Two metals A (melting point 800 °C) and B (melting point 600 °C) form a bir
Isomorphous system. An alloy having 35% B has 75% solid and rest liquid wherebsya
having 55%B has 25% solid at 700 °C. Estimate the composition of solidus and liqui
the above temperature.

. Apply phase rule to the two phase field of a binary isomorphous diagram. What camc
can be drawn?

. What is the difference between the states of phase equilibrium and meiasiabil

Is it possibl¢ to have a coppe-nickel alloy that atl equilibrium consist of ar phas: of
composition 37 wt% Ni—63 wt% Cu, and also a liquid phase of composition 20 wt% N
wt% Cu? If so, what will be the approximate temperature of the alloy? If thigois
possible, explain why.

. What thermodynamic condition must be met for a state of equilibrium to exist?

Briefly describe the phenomenon of coring and why it occurs. Cite one undes
consequence of coring.

. A binary alloy having 28 wt % Cu & balance Ag solidifies at 79 The soild consists g
two pahsest & B. Phasen has 9% Cu whereas phafehas 8% Ag at 778C. At room
temperature these are pure Ag & Cu respectively. Sketch the phase didgitaehall fields
& lines. Melting points of Cu & Ag are 108€ & 960°C respectively. Estimate the amou
of a & B in the above alloy at 77€ & at room temperature.

ary
na
dus at

lusi

1i—80

irabl

f
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Questions..?

9. The figure on the below is the hafnium—vanadium phase diagram, for which only s
phase regions are labeled. Specify temperature—composition points at Whecheatics,
eutectoids, peritectics, and congruent phase transformations occur. d&lsach, write the

reaction upon cooling.

2200

2000

1800

1600

Ternperature (*C)

1400 |—

1200

‘ﬂ— HiV,

1000 |

0
(Hf)

10. Briefly explain why, upon solidification, an alloy of eutectic compositidorms a

20 40 60

Composition (wt% V)

80

100
V)

microstructure consisting of alternating layers of the two solid phases.
11. What is the difference between a phase and a microconstituent?

ingle-

AL "4




Questions..?

12.
13.

14.

15.

16.

17.

18.

What is the principal difference between congruent and incongruent phase transiog¥:

A molten Ag-Cu (20%) alloy is allowed to cool slowly till room temperature. Referhe
diagram in problem 8 and plot its cooling curve. Estimate: Jast after it has solidified a
779C & room temperature. Sketch its microstructure and find % Eutectic .

Two alloys belonging to a binary system have the following microstructi®ag. having
25% B consists of 50% & 50% eutectic and the other having 0.75%B has 0% 50%

eutectic. Microstructrural examination shows that eutectic is made of ®@@4650% p.

Estimate the composition of3 & eutectic.

Draw the phase diagram for a binary alloy system having following featureling point
of the two metal: (A & B) are widely differeni. Thes« are partially soluble in eaclt othe.
There is one three phase reaction isotherm at a temperature higher tharitihg poent of
B but lower than that of A. Write down the equation representing the 3 phasereatthat
Is it commonly known as?

Sketch a binary phase diagram showing 2 peritectic and 1 eutectic reastihrerm.
Assume both metal A & B have nearly same melting point & there are two&iteal two
intermediate soild solutions.

Draw a binary phase diagram where A undergoes an allotropic transformationgtoB)
and there are one eutectic and one eutectoid transformation.

Cooling curve of a binary alloy looks exactly similar to that of a pure melthis
possible?

At




Questions..?

19. Why the eutectic structure does not exhibit coring?

20.In below figure is shown the pressure— temperature phase diagram for Apply bibs|Gi
phase rule at point&,B, andC,; that is, specify the number of degrees of freedom at each of
the points—that is, the number of externally controllable variables that nequkb#ied to
completely define the system.

10,000

1,000

100

10

Pressure (atm)

1.0

0.1

0.01

0.001

-20 0 20 40 60 80 100 120
Temperature (°C)
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Allotropic Transformations in  Iron

d Iron is an allotropic metal, which means that it can exist imrenthan one type af

lattice structure depending upon temperature. A coolingyedor pure iron is
shown below:

1539°C s
0 (delta) Fe - B.C.C

140000 00 e
T v (gamma) Fe- F.C.C
U .
b Non Magnetic
-
8 010°C]
S Non Magnetid, @ (alpha) Fe-B.C.C
qE) 768°C| 0000 e
I_

o (alpha) Fe - B.C.C
Magnetic

Time —



Allotropic Transformations in  Iron

There are three more allotropes for pure iron that farnder different
conditions

e-Iron

1”4

The iron having hexagonal close packed structure. This daamextreme
pressure,110 k bars and 490°C. It exists at the centre of & kn solid
state at around 6000°C and 3 million atmosphere pressure.

FCT-iron

This Is face centered tetragonal iron. This is coherentlgodged iron
grown as thin filmon a {100} plane of copper substrate

Trigonal-iron

Growing iron on mis-fiting {111} surface of a face centeraabec copper
substrate.




Iron — Cementite Phase Diagram

d The Fe-C (or more precisely the Fe;E¢ diagram is an important one. Cementite
IS a metastable phase and ‘strictly speaking’ should notnbkided in a phase
diagram. But the decomposition rate of cementite is smatl hance can bg
thought of as ‘stable enough’ to be included in a phase dmgtdence, 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 %awvtarbon
(corresponding to cementite, §&&) — is technologically very relevant.

O Cementite is not a equilibrium phase and would tend to decsepnto Fe and
graphite. This reactior is sluggist anc for practica purpos: (al the microstructure
level) cementite can be considered to be part of the phaggainm Cementite
forms as it nucleates readily as compared to graphite.

 Compositions upto 2.1%C are called steels and beyond 2.&%adled cast irons.
In reality the calssification should be based on ‘castapilind not just on carbon content.

J Heat treatments can be done to alter the properties of tleé [sfemodifying the
microstructure— we will learn about this in coming chapters.

A\l 4




lIron — Cementite Phase Diagram

Peritectic

L+d>y |
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Eutectic

, i 3
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0.025%C |>g: =2
/ 5 0
L
Eutectoid |
V> o+ FeC

[a (Ferrite) +1Fe,C (Cementite)] = Pearlite

Temperature—

0.008 0.8
Fe

% Carbon—

6.7
Fe,C



lIron — Cementite Phase Diagram
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Carbon Solubility in Iron

Solubllity of carbon in Fe = f (structure, temperature)

Where iIs carbon located In iron lattice

Octahedral
sites

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

Surprising facts...!

L C dissolves more in the close packed structure (y<<@) (albeit at higher temperatures
1 atm. pressurewhere FCC is stable) than in the open structure (BCC-Fe).

O C sits in the smaller octahedral void in BCC in preference tatger tetrahedral void in
BCC.

At

Some relevant explanation...!

 The octahedr: void in FCC is the largel one anc less distortior occurs wher
carbon sits theres this aspect contributes to a higher solubility of GiRe.

 The distorted octahedral void in BCC is the smaller onebut (surprisingly)

carbon sits there in preference to the distorted tetrahedia (the bigger one)we
will see in coming slides)

solubility of C ina-Fe is small
» this is rather surprising at a first glance as BCC is the mpencstructure

> but we have already seen that the number of voids in BCC is tharethat in
FCC - i.e.BCC has moraumber of smaller voids.

J Due to small size of the voids in BCC the distortion caused @amand the

L4




Carbon Solubility in Iron

FCC
Size of Fe atom r Fe Void (Oct)
CCP crystal FCC : @
Size of the OV XFe @ '
ize of the ECC

_ C Relative sizes of voids w.r.t atoms
Size of Carbon atom r —

Note the difference in size of the atoms

BCC

. F  ATAEA “n
ggg%ﬁ‘;seta?tom ngC '\1.258A,

~~ -

seeetvery P2 _(d tet) = 0.364A

vou (0c)

(Hee @

Relative sizes of voids w.r.t atoms

Size of the OV Xg(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 tdeetrahedrals 0.29 andl.octahedraloid is 0.154




T T

Why carbon preferentially sits in the apparently smaller octahedral void in BCC ?

I
i
_.-"’-'-“r.—_-'—'-"—’-"_ (]
(170 %
b g i
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P _
fi'
A
.'?___a*"’f
-
0 Ly N
A 70 g
a
, a2
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Ignoring the atom sitting at B and assuming the interstitial atonmésute atom at A

2a .
OA=r+Xx, = - rBFgc =1.258A — -
2 (61 BCC:+/3a=4r - f///'
r+Xx, = pd _
3 5 - 1,‘ ¥ | 5
T —e—_\| 010
ﬁ:(z—ﬁ—l}o.sszs | i
r 3 ' '
ay? i
OX = x, =0796A OY=%=0195A Xic(dtet) = 0.364A



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 0163 interstitial atom has to
push only two atoms

u (XcarborlrFe)BCC ~0.6

 This explains why Carbon preferentially sits in #pgparently smaller
octahedral void in BCC




Characteristics of phases appeared In
Fe-Fe,C phase diagram




Ferrite (a)

U OO O

It is an interstitial solid solution of a small amou

of carbon dissolved inn iron. The maximum/

solubility is 0.025%C at 72& and it dissolve:
only 0.008%C at room temperaturd. is the
softest structure that appears on the diagram

The crystal structure of ferriter] is B.C.C
Tensile strength — 40,000 psi or 275 Mpa
Elongatior—40%in 2in.
Hardness - <90 HRB

a(Ferrite) contains
B.C.C structure

n t,l Schematic: not to scale
AN
|

\
\
Y
Y

0.025




Cementite (Fe,C)

d Cementite or iron carbide, chemical formula,Eecontains 6.67%C by weight and
it is a metastable phase.

O Itis typically hard and brittle interstitial compound ofddensile strength (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)

x
| -
o
2
@
c
Q
=
D
=
&
S
3,
O

azb#c
a:B:y:gOO

Orthorhombic




Pearlite (a + Fe,C)

[ Pearlite 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

ferrite and cementite. The fine fingerprint

mixture called pearlite is shown in below figur {%

Pearlite Coarse

Hypo
Eutectoid

Hyper
Eutectoid

Eutectoid

O Tensile strength — 120,000 psi or 825 Mpa
 Elongation — 20 percentin 2 in.
 Hardness — HRC 20, HRB 95-100, or BHN 250-30

0.8 %C -

ﬂ Remember...! 1

Pearlite is a not a
phase but combination
of two phases (ferrite
+ cementite)

0




Austenite (y)

O It is an interstitial solid solution of a small amount of canbdissolved iny iron.
The maximum solubility is 2.1%C at 1194C.

O The crystal structure of Austenite)(is F.C.C
O Tensile strength — 150,000 psi or 1035 Mpa
O Elongation —10% in 2 in.

 Hardness - 40 HRC and Toughness is high.

1539°C

L+d

ﬂ.‘l’ﬂn}fﬁc ﬂlﬁﬂ%c

1495°C;

L + Austenite

"y
L]
a
LN ]
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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 ( 6)

d Interstitial solid solution of carbon in iron of boc¢ farrite
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

)




Microstructures involved In
eutectoid mixture




Eutectoid reaction

Phase changes that occur upon passing fromythe
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 |i
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 “colonig
within each colony the layers are oriented in essenti
the same direction, which varies from one colony| to]

a + FesC

other.

L : ’ il |
The thick light layers are the ferrite phase, and |tHe 1.0 20
cementite phase appears as thin lamellae most of which Gernpaiitianm %6

appear dark.




Eutectoid structure

Austenite grain
boundary

Austenite

()

Cementite

Growth direction
(FesC)

of pearlite

Pearli_fé Jln SEI\/I

Carbon diffusion

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

M100
L’

D1 000

900 §

5€
800
1i[e

700

nat

400

D 500 H

OO I—

Eutectoid a
a + FesC

grown larger.

1.0

Composition (wt3 C)




Hypo eutectoid region

O Just below the eutectoid temperature, at pdintll the y phase that was present |at
temperatures will transform pearlite. Virtually there is no changedphase that existed at
point e in crossing the eutectoid temperature — it will normally be present asm&ancious
matrix phase surrounding the isolated pearlite colonies.

L Thus the ferrite phase will be present both in the pearlite and also as thetphafgrmed
while cooling through thext+y phase region. The ferrite that is present in the pearlite is
called eutectoid ferrite, whereas the other, is termed proeutect®dr(ing pre- or before
eutectoid) ferrite.

o iaiallaleds P ro-eutectoid ferrite




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 &ooH

500

Proeutectoid
Fe 3':

Eutectoid FesC

400
0

1.0,

Cy
Composition {wt%% C)

rlite



Hyper eutectoid region

’

S\ 2

Cementite network



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

the



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%



Critical temperature lines

1,600

and
ferrite

ferrite

1.5 2 2.5 > 3.5 4 4.5

_____ carbon content (percent)  X-axis
1

4 In general, A — Subcritical temperature /A lower critical temperature, £ upper
critical temperature, f— Eutectic temperature,;A- Peritectic temperature anq A
- y/y+cementite phase field boundary.

J While heating we denoted as AAc, Ac; etc.,‘c’ stands for chauffage (French
word), which means heatirend while cooling we denoted as AAr, Ar; etc.,r’
stands for refroidissement, (French word) which meansingol




Critical temperature lines

O The upper — and lower critical temperature lines are shown as single linesamqdibrium
conditions and are sometimes indicatedAas A, etc. When the critical lines are actua
determined, it is found that they do not occur at the same temperature.

O The critical line on heating is always higher than the critical line oniogolTherefore, the
upper critical line of a hypo eutectoid steel on heating would be lab&le@nd the same
line on coolingA ; The rate of heating and cooling has a definite effect on the tempetfature
gap between these lines.

<

1=4

/-

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

\flgure. j\ :
@

AFinal word...! with infinitely slow
heating and cooling they would
probably occur at exactly the same
temperature.
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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 ]




Classification of steels

Based on method of manufacturer

etc.

[ This gives rise to bessemer steel, open hearth steel, electric -eéusteel, crucible stee

Based on method application

structural steel, or tool steel.

L This is generally the final use for the steel, such as machine steel, speialg boiler 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.

BIS (Burue Indian Standard)

AISI (American Iron and Steel Institute)
SAE (Society of Automotive Engineering
JIS=Japanese Standard
DIN ==German Standard
TIS = Thai Standard




Series

AlIS|I —SAE Steel Specification

Steel type

10xX
11xx
12xX
13xX
23XX
25XX
31xx
33XX
40xX
41 xX
4 3XX
44xX
92XxX

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 (S12.0%) ...... etc.




AlIS|I —SAE Steel Specification

(G o o e e
Steel 1D DN A VA WP Carbon content/100

% of alloying element

. PR
Nickel Stee DN P2 5 S - 20/100 = 0.20% C
5% of Nickel




Questions..?

© N o O

10. Draw the Fe- F&C phase diagram and label all the phases.

Sketch the microstructure of 0.2% C steel. Calculate %Pearliter¥ientite, % proeutectoi
ferrite and % total ferrite.

Estimate the ratio of the widths of ferrite and cementite plates inllanm@earlite.

Sketch the temperarture — time diagram during the heating cycle of a 0.8%elC 4se
standard Fe- € phase diagram.

Estimate %Cm in Ledeburite just below eutectic and just above eutectoatagures. Wha
IS its structure at room temperature?

If an eutectoid steel is kept at 70D what change do you expect?
Whaiis the limitation of phasr diagran?
Which microstructure in eutectoid steel has maximum hardenss? Give reason.

Is it possible to have an iron-carbon alloy for which the mass fractions af teimentite
and pro-eutectoid ferrite are 0.057 and 0.36, respectively? Why or why not?

Briefly explain why a proeutectoid phase (ferrite or cementite) forloegaaustenite grai
boundaries.

d
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Iron — Graphite Phase Diagram

The true equilibrium diagram for iron and carbon is gengratinsidered as iror
graphite phase diagra(next slide).Earlier we learn about iron-iron carbide phz
diagram and it is not a true equilibrium diagram, generdlhg icalled metastabl
iron - iron carbide phase diagram.

Cementite (F£C) is a metastable compound, and under some circumstancas
be made to dissociate or decompose to form ferrite and ge@tcording to th
reaction

Fe,C = 3Fe+C
For explain of cast irons we will refers to both Iron-Iron loigle phase diagratf
and Iron-Graphite phase diagram.

Cast irons are a class of ferrous alloys with carbon containése 2.14 wt%; ir
practice, however, most cast irons contain between 3.0 ahdvi® C and, in
addition, other alloying elements .

The ductility of cast iron is very low and brittle, it cannoé bolled, drawn, or

worked at room temperature. However they melt readily aml loa cast intc
complicated shapes which are usually machined to final dgn®s. Since castin

M

—

\—4

9

IS the only suitable process applied to these alloys, thekaown as cast irons.




Temperatur€C —

Iron — Graphite Phase Diagram
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A brief history of cast irons

Cast iron has its earliest origins in china between 700 a@8D. until this periog
ancient furnaces could not reach sufficiently high temiges.

The use of this newly discovered form of iron varied from dienpools to a
complex chain suspension bridge erected approximately[36A

The next significant development in cast iron was the fisst af coke in 1730 by

an English founder named Darby.

Due to this revolution, better casts were available for m@amsatile roles, such as

James Watt’s first steam engine, constructed in 1794.

In 1810, Swedish chemist Bergelius, and German physictsterféver discovere
that by adding silicon to the furnace, along with scrap argirgn, consistently
cast iron is produced.

In 1885 Turner added ferrosilicon to white iron to produceorsger 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 emstiuich were necessa

0

T~

'm

to absorb continuous vibrations.




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%




White Cast lron

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 dendrites
of transformed austenite (pearlite) in a white interderdnetwork of cementite.

Microstructure— Pearlite + Ledeburite + Cementite

White cast iron contains a relatively large amount of cemerds a continuous
iInterdendritic network, it makes the cast iron hard and weaistant but extremely
brittle and difficult to machine.

‘completely white’ cast irons are limited in engineeringogations because of thjs
brittleness and lack of machinability. mainly used in Is&wr cement mixers, ball
mills and extrusion nozzles.

A large tonnage of white cast iron is used as a starting nahtdor the
manufacturer of malleable cast iron.

Hardness : 375 to 600 BHN
Tensile strength : 135-480 Mpa, Compressive strength: 1BB825 Mpa




White Cast Iron
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Grey Cast Iron

This group is one of the most widely used alloys of iron, comnitg between 2.5 t
4 percent of carbon with other alloying elements.

In the manufacture of gray cast iron the tendency of cengemditseparate int
graphite and austenite or ferrite is favored by controlleltpy additions anc
cooling rates.

These alloys solidify by first forming primary austenitehel initial appearance ¢
combined carbon is in the cementite resulting from the éwteeaction. With
proper control of carbon content, temperature and the prapaount of
graphitizin¢c element notably silicon, magnesiur ceriurr and alloy will follow the
stable iron — graphite equilibrium diagram.

For most of these cast irons, the graphite exists in the fdriftakes (similar to
corn flakes), which are normally surrounded byocaferrite or pearlite matrix.

Mechanically, gray iron is comparatively weak and brittle fension as «
conseguence of its microstructure; the tips of graphiteeiaare sharp and pointe
and may serve as points of stress concentration when amaktensile stress i
applied. Strength and ductility are much higher under casgive loads.
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Grey Cast Iron

 Gray irons are very effective in damping vibrational energy. Base strisctime
machines and heavy equipment that are exposed to vibrations are frequently
constructed of this material. In addition, gray irons exhibit a high resistaneer.
Furthermore, in the molten state they have a high fluidity at casting tetyser which
permits casting pieces having intricate shapes; also, casting shrinkame. iSihally,
and perhaps most important, gray cast irons are among the least expensive of all
metallic materials.

 Gray irons having different type of microstructures, it may be generatedijogtanent
of composition and/or by using an appropriate heat treatment. For exampleingwe
the silicon conten or increasini the cooling rate may preven the complett dissociatio!
of cementite to form graphite. Under these circumstances the microsgucinsists of
graphite flakes embedded in a pearlite matrix.

= | —

[Comparison of the relative
vibrational damping capacities
of (a) steel and (b) gray cast

_iron y L'

Yibrational amplitude




Grey Cast Iron

[ Silicon increases fluidity and influences the solidifioat of the molten metal and
it decreases Eutectivity i.e., the eutectic compositionsisfted to the left
approximately 0.30% carbon for each 1% silicon, which efiety 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 fieldrebses in area, the
eutectoi( carbor conten is lowered anc the eutectoi(transformatio occur: ovel a
broadening range.

 Solidification over a range of temperatures permits thdeaton 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 iguieed to graphitize the
eutectic and proeutectoid cementite, but not the eutederdentite, in order tp
end up with a peatrlitic gray iron of high strength.
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Grey Cast Iron
Role of Sulfu

sulfur on the form of carbon is the reverse of silicon. The higher the sulfur conibe
greater will be the combined carbon, thus tending to produce a hard, brittle white

 Most commercial gray irons contain between 0.06 and 0.12% sulfur. The efe

1”4

ct
It
ron.

Role of Manganes

J Manganese is a carbide stabilizer, tending to increase the amount of conchntedn,

solidificatior anc only weakly retard: primary graphitizatio. On eutectoit
graphitization, however, Mn is strongly carbide stabilizing.

but it is much less potent than sulfur. Excess manganese (>1.25%) has litteacett

Role of Phosphoru

eutectic known assteadite,contains cementite and austenit (oom temperatur
pearlite).

O Fluidity 1, Primary graphitization and extends the range of eutectic freezing

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

b




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 FerC§|+ (1VIn P
5 Invarlant lines become Invariant regions in phassgdanm

—————

d Si D (1.2,3.5)- C as@raphlte flakes in microstructure (Ferritermat

~

1 volume during solidification> better castability

L - y+(Fe,C) - a+ FgC+( Fe(Q

Y N Y -
Ledeburite Pearlite

Sit=C

eutectoid




Grey Cast Iron
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Pearlite matrix



Ductile Cast Iron

 Ductile cast iron also called as Nodular cast iron, Sphataydaphite cast
iron, and Spherulitic cast iron.

 Graphite nodules instead of flakés 2D section)

d Mg, Ce, Calor other spheroidizing) elements are added

L=

 The elements added to promote spheroidization react watlsofute in the
liquid to form heterogeneous nucleation sites

1 The alloying element are injectec into moulc before pouring

- Itis thought that by the modification of the interfacial egnethe ‘c’ and ‘a’
growth direction are made comparable leading to spheraggaphite
morphology

1”4

 The graphite phase usually nucleates in the liquid pockeated by the
proeutecticy




Ferrite

Ductile Cast Iron

Graphitenodules

'With Pearlitic matrix



Ductile Cast Iron

Ferrite(White)

Graphite(black)

Bull's Eye | wi o

Ferrite

........

Pearlite(grey)




Malleable Cast Iron

1 As we discussed earlier that cementite is actually a mdtigspdnase. There
IS a tendency for cementite to decompose into iron and carbors
tendency to fornfree carbon is the basis for the manufacture of mallegble

cast iron.
J The reaction of Fe,c— 3Fe + C Is favored by elevated temperatures, the

existence of solid nonmetallic impurities, higher carb@mtents, and the
presence of elements that aid the decomposition g€ Fe

White Cast Iron[ [] T3 "Q*CHW Malleable Cast Ir

INnCrease

Fe,C (WCI) U ptage T [ Graphite Temper Nodules (Malfge Iron)




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 tialoes not fornrCementite

 C diffuses throughy to Graphite temper nodulegcalled Ferritizing
Annea)

- Full Annea in Ferrite + Graphite two phasi regior

- Partial Anneal(Insufficient time in Stage Il Graphitizatiory) —» Ferrite is
partial and the remainingtransforms to Pearlite> y — Pearlite + Ferrite
+ Graphite

- If quench after Stage & y - Martensite(+ Retained Austenite(RA
(Graphite temper nodules are present in a matrix of Martenand RA)

A\ "4
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Malleable Cast Iron

L ]

Peatrlitic Matrix Ferrite(White)

Graphite(black)

Pearlite(grey)

SOE (Y TAyERpeEL. Ferritic Matrix
: -3 - T e T R
Partially Malleabilized Iron e AR

- Incomplete Ferritizing Anneal

Ferrite(White)

Graphite(black)

Fully Malleabilized Iron
- Complete Ferritizing Anneal



Compacted Graphite Cast Iron

- A relatively recent addition to the family of cast irons d:s)mpactedi
graphite (CGI).

 Micro structurally, the graphite in CGI alloys has a welhke (or
vermicular) shape; a typical CGI microstructure. In a senses
microstructure is intermediate between that of gray irod duoctile iron
and, in fact, some of the graphite (less than 20%) may be adesd

 The chemistries of CGIls are more complex than for the othet ican
types; composition of Mg, Ce anc othel additive: mus be controllec sc as
to produce a microstructure that consists of the wabk@a graphite
particles, while at the same time limiting the degree of grapnodularity,
and preventing the formation of graphite flakes. Furtheemalepending
on heat treatment, the matrix phase will be pearlite an@ioité.

 CGI are now being used in a number of important applicatiortkese
Include: diesel engine blocks, exhaust manifolds, geatimisings, brake
discs for high speed trains and flywheels.




Compacted Graphite Cast Iron

Vermicular shapeSyu SN




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

S




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

- o e e e O m Em Em mm Em e e e —
o —— — —— —— e
- — - —_—
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- —
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d 15-30 % Cr + 10-15 % N# stabl\ey+ carbides [(Cr,Fg)C,, (Cr,Fe)C]
Ni stabilizes Austenite structt
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Nickel Hard Cast Iron

 Stabilizes Austenitic structure

O 1 Graphitization(suppresses the formation of carbides)

d (Cr counteracts this tendency of Ni for graphitiza}

O | Carbon content in Eutectic

J 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

PR

2. % C > VY - Martensite

L




Nickel Resist Cast Iron

= Ni Resist Iron 15-30% NI + small amount of Cr

—————
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] Resistant to oxidation (used in chemical processing pla#a water, ol
handling operations...)

Graphite plates

Dendrites ofy




Silicon (Silal) Cast Iron

-

—

~ -
T==a -

graphitization
J Forms surface filnof iron silicate — resistant to acid corrosion




Some other types...!

Chilled Cast Iron

O Chilled —iron castings are made by casting the molten metglirsst a meta
chiller, resulting in a surface of white cast iron. This haabrasion-resistant white
iron surface or case is backed up by a softer gray iron core.

 This case-core structure is obtained by careful control lbgé toverall alloy
composition and adjustment of the cooling rate.

Mottled Cast Iron

O Solidifying at a rate with extremes between those for ahidaed gray irons, thug
exhibiting micro structural and metallurgical charactstics of both

High-Alloy Graphitic Irons

O Produced with microstructures consisting of both flake ammblule structures.
Mainly utilized for applications requiring a combinationf cnigh strength and
corrosion resistance.
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Commercial cast iron range —-| —-— FasC G
¥ Mg/Ca |
e,
.. ot \
Fast cool Moderate Slow cool Moderata Stow cool
P4+FesC P+ Gy e+ G P+ Gy a4+ Gy

7 . 3 \

White \ Pearlitic gray Ferritic gray Pearlitic Farritic
cast ron cast iron cask iron ductile ductile
ahowt Tk ot cast iron cast iron
=700°C for 30 4+ h
Fast cool Slow coal
P+G, a + 0y \

\ ; Graphite flake - q; |
Graphite nodules - G
Graphite rosettes - G

Paarlitic Ferritic
matleabla malleable



Questions..?

10.

Give the broad classification of cast irons.

Cite three reasons why ferrous alloys are used so extensively. Anthofte characteristic

of ferrous alloys that limit their utilization.

Compute the volume percent of graphitg, Vh a 2.5 wt% C cast iron, assuming that all t
carbon exists as the graphite phase. Assume densities of 7.9 and 233fgfderrite and
graphite, respectively.

On the basis of microstructure, briefly explain why gray iron is brittle aedkvn tension.

Compare gray and malleable cast irons with respect to (a) compositionesmtdreatment
(b) microstructure anc (c) mechanice characteristic.

Compare white and nodular cast irons with respect to (a) composition and déaiahent,
(b) microstructure, and (c) mechanical characteristics.

Is it possible to produce malleable cast iron in pieces having large orotistsal
dimensions? Why or why not?

Differentiate between free and combined carbon?

Why should the iron-iron carbide diagram not be used to determine the structuyesy
iron?

Assume that a C clamp is to made of cast iron. Select a suitable a typesiran ano
explain the reasons for the selection.

he
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Definition of Heat treatment

f;atment 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




Objectives of Heat Treatment Processes

d

To increase strength, hardness and wear resistamakx (ardening, surfac
hardening

To increase ductility and softnesBefmpering, Recrystallization Annealing

To increase toughnes$dmpering, Recrystallization annealing

To obtain fine grain size Recrystallization annealing, Full annealing,
Normalizing

To remove internal stresses induced by differential deftion 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

To improve surface propertiesyrface hardening, high temperature resistan
precipitation hardening, surface treatmént

To improve electrical propertie®gcrystallization, Tempering, Age hardening
To improve magnetic propertieslardening, Phase transformatipn

<
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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




Annealing

Full Annealing

d The steel is heated above, (for hypo-eutectoid steels)A, (for hyper-eutectoic
steels)—(hold) —»then the steel is furnace cooled to obtain Coarse Pearlite

O Coarse Pearlite hgsHardness?] Ductility

d Not aboveA_,, —to avoid a continuous network of proeutectoid cementiteg
grain boundaries{>path for crack propagation)

—

910°C

Full Annealing

723°C :
Spheroidization A

Recrystallization Annealing
Stress Relief Annealing

0.8 %
Wit% C



Annealing

Recrystallization Annealing

d The Heat belowA ; — Sufficient time— Recrystallization

T~

Cold worked grains» New stress free grains
 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




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



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|and
tempering

O Driving force is the reduction in interfacial energy

 The spheroidized structure is desirable when minimum hessln maximun
ductility, or(in high-carbon steels) maximum machinaiils important.

—

 Low-carbon steels are seldom spheroidized for machinirggabse in the
spheroidized condition they are excessively soft and “gytnm

 Medium-carbon steels are sometimes spheroidization éth&aobtain maximun
ductility.

—

*If the steel is kept too long at the spheroidized-annealing temperature niemtite particles will coalesce and become elongated thus reduring
machinability




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 donéG@bove the annealing temperature

4 In hyper-eutectoid steels normalizing done above, A> due to faster cooling
cementite does not form a continuous film along GB




Ranges of temperature where Annealing, Normalizing and Spheroidization

treatment are carried out for hypo- and hyper-eutectoid steels.

910°C

7123C

Temperature—

. Stress Relief Annealing

I
¥

Recrystallization Annealing

[
|
|
I

0.8 %
Wt % Carbon—

Spheroidizatior,

—




Hardening

Heat abové\; | A_,— Austenization— Quench (higher than critical cooling rate]

N — g

O Under slow cooling rates, the carbon atoms are able to éiftug of the austenite
structure and it leads to gamma to alpha transformation s phocess involves
nucleation and growth and it is time dependent.

-4

O With a still further increase in cooling rate, insufficietiine is allowed for the
carbon to diffuse out of solution, and although some movéréthe iron atoms
takes place, the structure cannot become B.C.C. while tHeogas trapped ir
solutior.

A4

—

O The resultant structure is callebllartensite,is a supersaturated solid solution of
carbon trapped in a body-centered tetragonal structure @né a metastable
phase.

1”4

O The highly distorted lattice structure is the prime reasamtlie high hardness of
martensite.

 After drastic cooling, martensite appears microscopicadl a white needlelike ¢
acicular structure or lenticular, sometimes describedlapstraw.

\—4
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Characteristics of Martensite

O Shape of the Martensite formedLenticular (or thin parallel plates)
[ Associated with shape change (shear)
[ This condition requires:

1) Bain distortion— Expansion or contraction of the lattice along &iert

crystallographic directions leading to homogenaw® mlilation
2) Secondary Shear DistortienSlip or twinning
3) Rigid Body rotation

[nvariant planc f g hmgqulm
1n austenite o P | s abit plane

Surfuce Deformalions

[ustration of the coherence of the mertensitic plate
with the surrounding austcnite



Characteristics of Martensite

U Martensitic transformation can be understood by first considering amalte unit cell forl
the Austenite phase as shown in the figure below.

O If there is no carbon in the Austenite (as in the schematic below), theM#reensitic
transformation can be understood as-20% contraction along the c-axis and-al2%
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) ] @yepsh a'(BCT)

08%C "~ 08%C
In Pure Fe afte
FCC Austenite alternate choice of Cqll the Martensitic transformatioh
c=a

A Body Centred 1etragonal Cell

-

4 \
li \
1 1
FCC— BC> - 1 |
o W (] \ a ]
d e @ Y K

d

> 4 (r/"'"\“i’ d _ ]
o é - @ ~20% contraction ort-ams}

~12% expansion ad-axis




Characteristics of Martensite

d In the presence of Carbon in the octahedral voids of CCP (R£Ke) (as in the schematic beloy)
— the contraction along the c-axis is impeded by the carbon atate that only a fraction of
the octahedral voids are filled with carbon as the percentage of C in Fe is small).

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 volume 3% (depends on the carbon content)
the Bain distortiort.

Bain distortion C along the c-axis
(5
X

y obstructs the contraction
. ° = . + @>® /"/’ -
o] . T o Carbon - e AC
a -~ ,
! . ! - [ ] Gs c
. (o] 1 B | 1 i “ ’
= —
o U P . < 4a—!—4<)/_0“;_;\;2 _ia1 4&7 3-::)______________:%__*61:
(@] - z
Tetragonal
Austenite to Martensite> ~4.3 % volume increase Martensite

* Homogenous dilation of the lattice (expansion/contraction along crystallographicleadihg to the formation of a new lattice is called
Bain distortion. This involves minimum atomic movements.



Microstructures of Martensite

Mag= 415K X
Photo No. = 6650

\ \
g T AT : . = . & y . ¥ £ : -
et rd &% + ‘ ~

Fe-0.6%C steel Fe, C 0.8 (Wt%
Martensite plates Martensite plates

EHT=15.00 kV




Characteristics of Martensite

U O

The Martensitic transformation occurs without compositibhange

The transformation occurs by shear without need for diffmsand is callec
diffusion less transformation

The atomic movementsliearing)required are only a fraction of the inter aton
spacing

The shear changes the shape of the transformingreg
— results in considerable amount of shear energy
— plate-like shape of Martensi

The amount of martensite formed is a function of the tempeeato 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 maite s brittle

Steel is reheated to increase its ductility
— this process is calleBEMPERING

NiC




Hardness of Martensite as a
function of Carbon content

Characteristics of Martensi}te

60
M, 1 |
Y @
= ¢ 404
@© (D)
g 5 -
= @©
2  20-
Mf

0 % Martensite— 10C

Martensite start M, andMartensite finish M;

02 02 '
% Carbon— 0.6

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




Characteristics of Martensite
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Characteristics of Martensite

O The martensite transformation, for many years, was badiévyd®e unique for steell.
However, in recent years, this martensite type of transébion has been found in
a number of other alloy systems, such as iron-nickel, coppe;, and copper
aluminum.

 The basic purpose of hardening is to produce a fully martierstructure, and the
minimum cooling rate ( per second) that will avoid the forimatof any of the
softer products of transformation is known as thiéical cooling rate

O The critical cooling rate, determined by chemical compaosiand austenitic graip
size is ar importan propert\ of a stee since it indicate: how fasi a stee mus be
cooled in order to form only martensite

More structures of martensitic structu




Time-Temperature -Transformation
(TTT) Diagrams

Davenport and Bain were the first to develop the TTT diagrdrmautectoid steel.

They determined pearlite and bainite portions whereas Ktdter modified anc
included Myand M:-temperatures for martensite.

There are number of methods used to determine TTT diagrammes.nlost
popular method is salt bath techniques combined with nogpadphy and hardnes
measureme with additior of this we have othel technique like dilatometry
electrical resistivity method, magnetic permeability,situ diffraction techniques
(X-ray, neutron), acoustic emission, thermal measurenectiniques, densit
measurement techniques and thermodynamic predictions.

TTT diagrams, also called as Isothermedniperature constanfjransformatior
diagrams.

TTT diagrams give the kinetics of isothermal transformadio
For every composition of steel we should draw a different Didgram.

)
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Equipments for determination of TTT Diagrams

 Saltbath Il |
tltLow tgmperature fmsath ern fiin

| Salt bath |
Austenitisatiorheattreatmer

Sample and fixtures
for dilatometric measurements




Determination of TTT diagram for eutectoid steel

d

For the determination of isothermal transformation (or)TTdiagrams, we

considermolten salt bath technigueombined with metallography and hardng
measurements.

In molten salt bath techniqu&vo salt baths and one water bath are used. Salt
| is maintained at austenising temperature (780°C for ¢oithsteel). Salt bath |
IS maintained at specified temperature at which transfoomais to be
determined (below 4), typically 700-250°C for eutectoid steel. Bath 11l which
a cold water bath is maintained at room temperature.

In batr | numbe of sample are austenit al A;+2C0-4C°C for eutectoic A;+20-
40°C for hypo-eutectoid steel and-A+20-40°C for hyper-eutectoid steels f{
about an hour.

Then samples are removed from bath | and put in bath Il and eaehs kept for
different specified period of time say, tt,, ts, t5,............. 1 etc. After specified

times, the samples are removed and quenched in cold waemidnostructure of

each sample is studied using metallographic techniques. type, as well a
guantity of phases, is determined on each sample.

| =4
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Determination of TTT diagram for eutectoid steel

Specimen with

%

N\

Temperature “C

wire handle
1 ]
Salt bath Salt bath
at temperature at temperature
above 723 C below 723 C

Cold water

quench bath
room temperature

Simple experimental arrangement for determining
The kinetics of isothermal austenitic transformation

66 h
23h
21h
18h
6h
Mol ten 0 i . Cold
salt :
3 lelolalsleln] @@@ww
1300°°F ‘ L'— 10041004 — ‘
954 +5P +=95M+5
—"—?5#+25F-—'—*?5H+5F
— 504+ 50R =504 + 50—
—— 234+ 75P ~25M+T5F
100~° =100F
The progress of austenite transformation

A-austenite, P-pearlite, M-martensite

1200

1000

800

700

300

Austenite

First
salt bath

o Austenite + cementite
. T2
I ]
Ferrit 1
7\em € Second !
i salt bath : n
I
_ Ferrite +:cement1te =]
I
L1, | =
I
l l l l | l l l l l
02 04 06 OB 10 1.2 14 16 18 20 22
Weight percent carbon

Eutectoid section of the irc- carbon diagrai
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= 75; N
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Time-hour, log scale

TTT curve of austenite to pearlite for 1080 ste
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Determination of TTT diagram for eutectoid steel

% of pearlite

Temperature

100

[ U D UOUUDUU U ——————————————

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.




|Isothermal Transformation diagram for eutectoid ste el

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
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Possible phases in TTT diagram for eutectoid steel

Ael ______
- - Coarse Pearlitq R/C 15
et o finish Medium Pearlit¢ R/C 30
g)( Fine Pearlite (F.P) R/C 40
o | - T T % 50% F.P + 50% U.B |
o | «€,\ \ % N T “’O v)
S5 | \&\ N X N Ty 8
H \\\\\ . .
E \\\\\\\\ Upper bainite (U.B] R/C40 =
v \\\“A . E
Q. | 50% Transformation I
CIEJ 7 %’}e -
— e\*/OLp 6;2{'% Lower bainite | R/C 60
ey, l
\61’71}6
_______________________________________ {
o Metastable austenite +martensite
Mg, Martensite finish temperature
Martensite R/C 64

Log time



Isothermal Transformation diagram for eutectoid ste el

[ As pointed out before one of the important utilities of theTTdiagrams comes
from the overlay of micro-constituents (microstructures xhe diagram.
4 Depending on the T, they£ Fe,C) phase field is labeled with micro-constituents
like Pearlite, Bainite.
 The time taken to 1% transformation to, say pearlite or Ibairs considered gs
transformation start time and for 99% transformation repngs transformation finish|.
dWe had seen that TTT diagrams are drawn by instantaneousclyuin a
temperature followed by isothermal hold.

O Suppose we quench below (~225°C, below the temperatureeahdyvk), then
Austenite transform. via a diffusionles: transformatio (involvinc shear to a (hard)
phase known as Martensite. Below a temperature markethis! transformation t
Martensite is complete. Ongas exhausted it cannot transform to« Fe,C).
O Hence, we have a new phase field for Martensite. The fractibMartensite
formed is not a function of the time of hold, but the tempematio which we quench
(between Mand M).
O Strictly speaking cooling curves (including finite quema rates) should not be
overlaid on TTT diagramgremember that TTT diagrams are drawn for isothermal
holds!).

7




v Isothermal hold at: (i)
T1 gives us Pearlite, (ii

T2 gives Pearlite+Bainite,

(i) 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
such as to avoid the nose

of the star ‘C’ curve.
Called the critical cooling
rate.

v If we quench between
Ms and M we will get a
mixture of Martensite anc
Y (called
Austenite).

—_—

retained

723

Not an isothermal

Isothermal Transformation diagram for eutectoid ste el
Eutectoid temperature _ Eutectoid steel (0.8%C)
A ustenitc Coarse
R - - R
__________ Fine
K Pearlite + Bainite iﬁ
=
"""" ©
o ]
\\ E
| \\ CD
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1. M o
1 10 10* 108 10 10p

transformation
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Isothermal Transformation diagram for eutectoid ste el

2 o + Fe,C
Y
£
= -
“““““ v — Bainite
M;
>

log (time) —

In principle two curves exist for Pearlitic and Bi#ic transformations
— they are usually not resolved in plain C steg
(In alloy steels they can be distinc

|>4




TTT diagram for Hypo eutectoid steel

4 In hypo- (and hyper-) eutectoid steels (say compositigntkiere is one more branch to t

‘C’ curve-NP (next slide: marked in red).

4 The part of the curve lying between &nd Tz (marked in fig : rext slidg is clear, because i
this range of temperatures we expect only pro-eutectdm form and the final microstructur

will consist ofa andy. (E.g. if we cool to JTand hold).

ne

N

 The part of the curve belowlis 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 ,Cto T, we
should expect the formation of+Fe,C (and
not pro-eutectoid first).

U The reason we see the formation of p

eutectoida first is that the undercooling w.n

to A, Is more than the undercooling w.r.t
A,. Hence, there is a higher propensity
the formation of pro-eutectoid.

QO

n

q
=]

—

or |
0.008

Schematic: not to scale

undercooling wrt A, wW.r.t

» (formation of pro-eutectoid) |

-

undercooling wrt A line
(formation ofa+ FeC)

0.8

o+Fe,C

%C -




TTT diagram for Hypo eutectoid steel
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TTT diagram for Hyper eutectoid steel

d Similar to the hypo-eutectoid case, hyper-eutectoid compositighsi@ ay+Fe,C branch.
4 For a temperature between @nd T¢ (say T, (not melting point- just a label)) we land t
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
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Transformation to Pearlite

O The transformation product above the nose region is pearfihe pearlite
microstructure is the characteristic lamellar structuralternate layers of ferrit

and cementite.

O As the transformation temperature decreases, the chasticttamellar structure i
maintained, but the spacing between the ferrite and carlaglers become
iIncreasingly smaller until the separate layers cannot Belved with the light

microscope.

O As the temperature of transformation and the fineness opé#aglite decreases,

IS apparer tharthe hardnes will increas.

14
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Mobile . Cementite
boundaries lamellae
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Immobile boundaries
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Transformation to Pearlite

\%? J
\( )

Initial Fe;C nucleus

Fe,C plate full grown,
o-Fe Is nucleus

New Fe 3C
nucleus

/&

| —

new FgC plates nucleated
on different orientation

y— o+ FeC

a-Fe plates are now growr
new FgC plates nucleated

—

Average growth
direction

)
| -

|
| ®
=

h #
h
Y

New colony of advanced stage of grov

vth

J Nucleation and growth

] Heterogeneous nucleation at grain boundaries
 Interlamellar spacing is a function of the tempeamtof transformation
J Lower temperature~» finer spacing— higher hardness




Pearlitic structure

Austenite grain
boundary

Austenite
()

: Cementite
= ' IS , (FesC)

Pearlite In

Growth direction
of pearlite

Carbon diffusion

Helght

Schematic representation of the formation of pearlite from
austenite; direction of carbon diffusion indicated by arro ws

A

Iite



Transformation to Bainite

O In between the nose region of approximately 510°C and theekhperature, a ne\,L/,
dark-etching aggregate of ferrite and cementite appears. This structuned refter

E.C.Bain, is called bainite.

At upper temperatures of the transformation range, it resembles pearliis known
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.

1% ‘ ..-w '..

e
# 'rl
« B2

L - RL . . , :‘ _‘.- Y lf"'.-".;_ r . -
Upper or Feathery bainit Lower or AC|cuIar bainite



Transformation to Bainite

Bainite formed at 34 C Bainite formed at 27°C

y— o + FgC”

[ 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

] Bainite plates have irrational habit planes

[ Ferrite in Bainite plates possess different orientation relationg&ligiive to the parent
Austenite than does the Ferrite in Pearlite




Microstructures In a eutectoid steel

Pearlite formed atf 4" 4y
720°C S A

Bainite obtained
by isothermal

transformation at
29C°C

Bainite obtained
by isothermal
transformation at
180°C

Martensite




Cooling curves and the I-T diagram
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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.




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 |

S

[0

avoid transformation in the nose region.

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




Factors affecting on TTT diagram

<+ Composition of steel
carbon wt%,
alloying element wt%

7/

+»» Grain size of austenite

7/

< Heterogeneity of austenite

Composition

O With some limitations, an increase in carbon or alloy content or in gram af the
austenite always retards transformatiamo{es curves to the rightat least aj
temperatures at or above the nose region. This in turn slows up the criticalgoale,
making is easier to form martensite.

O This retardation is also reflected in the greater hardenability, ohd&gbenetration o
hardness, of steel with higher alloy content or larger austenitic grain size.




|.T diagram of a 1035 steel

L Austeniie J
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This is a hypo-eutectoid steel, notice the presence of theaite 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 showhkite ierrite network surrounding the gray
low carbon martensite areas.



|.T diagram of a 1050 steel
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The microstructure of a medium carbon steel water quendtedys dark areas of fine pearlite that seem to
outline some of the previous austenite grain boundarieaestark feathery bainite, and substantially more
martensite as the matrix than appeared in the low carboh stee



|.T diagram of a 1335 steel
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Alloy additions tend in general to delay the start of transformation andci@ase the time for
its completion, they differ greatly in both magnitude and nature of their sffédove diagram
shows the 1335 manganese steel.



Heterogeneity of austenite

Y

J Heterogenous austenite increases transformation timgerastart to finish o
ferritic, pearlitic and bainitic range as well as increadbs transformatior
temperature range in case of martensitic transformatiord dainitic
transformation. Undissolved cementite, carbides act asedal inocculant for
pearlite transformation. Therefeore heterogeneity intemut® increases the
transformation time range in diffussional transformatam temperature range of
shear transformation products in TTT diagram.
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Continuous Cooling Transformation diagrams

d

d

The TTT diagrams are also called Isothermal Transformal@mgrams, becaus
the transformation times are representative of isothehola treatment (following
a instantaneous quench).

In practical situations we follow heat treatments (T-t @aares/cycles) in whic
(typically) there are steps involving cooling of the samfliee cooling rate may @
may not be constant. The rate of cooling may be slow (as inraafig which ha;
been switch off) or rapid (like quenching in water).

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 & m&tructure) are note
using constant rate cooling treatments. A diagram drawrafgiven cooling ratg
(dT/dt) is typically used for a range of cooling rates (thusiding the need for i
separate diagram for every cooling rate).

However, often TTT diagrams are also used for constantmgoéite experiments
keeping in view the assumptions & approximations involved.

The CCT diagram for eutectoid steel is considered next.

Important difference between the CCT & TTT transformatisnthat in the CCT|
case Bainite cannot form.




Determination of CCT diagram for eutectoid steel

 CCT diagramsare determined by measuring some physical properties gl
continuous cooling. Normally these are specific volume andhgnetic

volume change by dilatometric method. This method is supetded by
metallography and hardness measurement.

O In dilatometry the test sample is austenitised in a spgcadkigned furnace ar
then controlled cooled. Sample dilation is measured byghage/sensor. Slowe
cooling is controlled by furnace cooling but higher coolmage can be controlle
by gas quenchini

permeability. However, the majority of the work has beenaltrough specifi¢

urin

st
d




Determination of CCT diagram for eutectoid steel

 Cooling data are plotted as temperature versus time (Fidikgtion is recorde
against temperature (Fig. b). Any slope change indicateselransformation.
Fraction of transformation roughly can be calculated basethe dilation data as
explained below.

Temperature
Dilation ——
<
- (
SO
O

I I Te Ts
Temperature —

Time
Fig. b : Dilation-temperature plot

Fig. a : Schematic cooling curves -
9 9 for a cooling curve



Determination of CCT diagram for eutectoid steel

In Fig. a curves | to V indicate cooling curves at higher cooling radeldwer
cooling rate respectivelyrig. b gives the dilation at different temperatures fo
given cooling rate/schedule.

In general slope of dilation curve remains unchanged whieunt of phase or th
relative amount of phases in a phase mixture does not chamgegdcooling (or
heating) however sample shrink or expand i.e. dilation 4gikace purely due t
thermal specific volume change because of change in tetopera

Therefore inFig. b dilation from a to b is due to specific volume change of h
temperatur phas: austenit. But al Tg slope of the curve change. Therefor

D

igh

transformation starts atsT Again slope of the curve from c to d is constant but is

different from the slope of the curve from a to b. This indesatthere is no phag
transformation between the temperature from c to d but tles@phase mixture
different from the phase at ato b.

Slope of the dilation curve from b to c is variable with temqaare. This indicate
the change in relative amount of phase due to cooling. Tharesipn is due to th
formation of low density phase(s). Some part of dilationaspensated by pure
thermal change due to cooling. Therefore dilation curvesatomplex shape. i.e fir
slope reduces and reaches to a minimum value and then iasrdgas the
characteristic value of the phase mixture at c.

e
S

S
c

St




Determination of CCT diagram for eutectoid steel

d Therefore phase transformation start at b i.e. at temperdtuand transformatio
ends or finishes at c or temperature The nature of transformation has to |be
determined by metallography. When austenite fully tramsfoto a single produgt
then amount of transformation is directly proportional he trelative change |
length. For a mixture of products the percentage of austdransformed may not
be strictly proportional to change in length, however, itaasonable and generally
IS being used.

O Cumulative percentage of transformation at in between ésatpre T is equal t
YZ/XZ*100 where X, Y and Z are intersection point of temperat T line to
extended constant slope curve of austenite (ba), tranaf@mcurve (bc) an
extended constant slope curve of low temperature phasegspectively.

O So at each cooling rate transformation start and finish &Fatpre an
transformation temperature for specific amount (10 %, 2B98p etc.) can also be
determined. For every type of transformation, locus oftgtamts, isopercentage
points and finish points give the transformation start lisepercentage lines and
finish line respectively and that result CCT diagram. Ndiynat the end of eac
cooling curve hardness value of resultant product at roonpégature and typ
of phases obtained are shown.




CCT curves for eutectoid steel
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Different cooling treatments for eutectoid steel

723
Process Cooling rate (K/sl ____________
Annealing 10°- 1073 1 _- -
Air Cooling 1-10 g
Oil Quenching ~100 é
o
Water Quenching ~500 -
Q
. . c
Splat Quenchin 10 g
Melt-Spinning 160-1C %
Evaporation,
sputtering 10° (expected)

0.1
M = Martensite P = Pearlite




Transformation diagram for cast iron
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Homogeneity of austenite

This refers to the uniformity in carbon content of the austenite grains. VijpaJeutectoio
steel is heated for hardening, when thelide is crossed, the austenite grains formed fr
pearlite will contain 0.8 percent carbon.

With continued heating, the austenite grains formed from pro-eutectoitefearitl contain
very little carbon, so that when the;Aine is crossed, the austenite grains will not
uniform in carbon content.

Upon quenching, the austenite grains leaner in carbon, having a fast cramalg rate,

tend to transform to nonmartensitic structures, while those richer booahaving a slower

critical cooling rate, tend to form martensite. This results a non uniforanostructure with
variable hardnes . This conditior may be avoidec by very slow heating sc thai uniformity
Is established by carbon diffusion during heatitigs recommended that the material
held at the austenitizing temperature 1hour for each inch of thickness or diameter

The recommended austenitizing temperature for hypo-eutectoid steddslis 30°C abovs
the A;line. This same as the recommended annealing temperature.

For hyper-eutectoid steels the recommended austenitizing temperatuseally betweel
the A,,and Ay , lines.

The A, line rises so steeply that an excessively high temperature may be kkdai
dissolve all the proeutectoid cementite in the austenite. This tends to davad@sirable
coarse austenitic grain size, with danger of cracking on cooling.

om
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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

Pl .3 bl o b

a- Vapor-blanket cooling stage
b- Vapor-transport cooling stage
c- Liquid cooling stage



Quenching

Vapor-blanket cooling stage

d In this stage, quenching medium is vaporized at the surface of the metal ansl dathin
Stable |ayer_ Conduction Comatticn Radiation

Energy is transferred by direct contac!  Energy is transferred by the mass motion Energy is transferred by electromagnetic
[ Cooling is by conduction and radiati

of molecules. - radiation.
. . . ===l'—z : -
d Cooling rate is relatively slow H’ %ﬁ S ...
y y T 4 Sy -

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 boiling
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.




Factors affecting on Quenching

Many factors determine the actual cooling rate. The most important are the type afhaogn
medium, the temperature of the quenching medium, the surface condition of the part, and the
size and mass of the part.

Quenching Medium

D000 0O

Brine solution (Water solution of 10% sodium chloride)
Tap water

Fused or liquid salts

Soluble oil anc watel solution:

Oil

Air

Temperature of Quenching Medium

a

a

Generally, as the temperature of the medium rises, the cooling rate siesrddis is due t

the increase in persistence of the vapor-blanket stage. This is particulaf imager and brine|

In another case, an increase in cooling rate with a rise in temperafuihe 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 tempeafthe oil riseq

D

\U

it also become more fluid, which increase the rate of heat conduction through thee liqui




Factors affecting on Quenching

Severity of quench values of some typical quenching conditions

Process Variable HValug | If the increase in rate of heat
Air No agitation 0.02 conduction is greater than the
. — decrease due to persistence of the
Oil guench No agitation 0.2 : .
- Shaht agitation 035 vapor film, the net result will be an
9 agfa!o : increase in the actual cooling rate.
Good agitation 0.5 | | However if the reverse is true, then the
) Vigorous agitation 0.7 result will be decrease in cooling rate.
Water"quench . No aglta.ltlo.n 1.0 Severity of Quench as indicated by the I
Vigorous agitatio 1.t transfer equivaleriti
Brine quench L f 4
(saturated Salt watey) No agitation 2.0 H :? [m™]
" Vigorous agitation 5.0
f — heat transfer factor
Ideal quench > K — Thermal conductivity

Note that apart from the nature of the quenching medium, therousness of the shake determines the severity of the
guench. When a hot solid is put into a liquid medium, gas beobdrm on the surface of the solid (interface with medium).

As gas has a poor conductivity the quenching rate is reddeexviding agitation (shaking the solid in the liquid) heip
bringing the liquid medium in direct contact with the soltlus improving the heat transfer (and the cooling rate). fihe
value/index compares the relative ability of various médeses and liquids) to cool a hot solid. Ideal quench is a&oioe
idea with a heat transfer factor &f (= H = )

U




Factors affecting on Quenching

Surface condition

 When the steel is exposed to an oxidizing atmosphere, beaHuhle presence (

water vapor or oxygen in the furnace a layer of iron oxideethdicaleis formed.
Experiments have shown that a thin layer of scale has vdilg &ffect on the
actual cooling rate, but that a thick layer of scale (0.0Ghim deep) retards th
actual cooling rate.

There is also the tendency for parts of the scale to peel effstirface when th
piece is transferred from the furnace to the quench tanks thuing rise to g
variatior in coolinc rate at different points on the surfact. The presenc of scale is
need to be considered only if the actual cooling rate is vdpse to critical
cooling rate.

To minimize the formation of scale, we have different methdépend upon pa
being heat treated, type of furnace used, availability ofgnent and cost.

v Copper plating
v Protective atmosphere
v" Liquid salt pots
v Castiron chips

e

e

Pt




Factors affecting on Quenching

Size and mass

d

d

The ratio of surface area to mass is an important factor in determihengdtual cooling
rate, because only the surface of a part which is in contact with the guenchingmed

Thin plates and small diameter wires have a large ratio of surfag® t&ar mass an
therefore rapid cooling rates.

For Cylinder

Surfacearea: TDL
Mass (71/14)D%Lp

The calculation shows that the ratio is inversely proportional to diametbe ifitameter

IS increasec the ratic of surfact are: to mas: decrease anc the coolinc rate decreass.

The heat in the interior of the piece must be removed by conduction, through the b
the piece, eventually reaching the surface and the guenching medium . foraetiee
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 duringhgodliis to

be anticipated that variations in hardness would be evident when the bars aerd¢

hardness surveys made on the cross section. A considerable temperaterencd
between the surface and the center during quenclsieg i next slide

This temperature difference will give rise to stresses during heatrtrent called residu;

pr—— ]

0

pdy of

ut
'.f

Al

stresses, which may result in distortion and cracking of the piece.




Hardness profile in a cylinder from surface to inte rior

800
R Lutectoid Temperature
700
800—
Sl Boe—
l SN ~~~ _
Oae | OS5
: 1o I _k“iLQB YR
. : Hardness 100% T~ae |"~~4o_
L ' ' Martensite Theed T
60 IH o I [ ~
% 11 I ! 300 — S -
1 S
~§ 500 ) "\ Hardness of S~
S \ | | 50% Martensite M\ N\ _______
:U 40 N | 50% Pearlite 200[—
Y | Fine Pearlite
~ | M.
v [ . . | 100 | M, . .
2 N Fine Pearlite | Pearlite + Martensite
| | ‘
;5 | | Martensite Crilical Cooling (Martensiie)
0l | 0 | | | | | |
: : 1 10 10° 10° 10° 10
<— Distance —» Time (sec) —»
_ Schematic showing variation in coolin
Typical hardness test survey made along rate from surface to interior leading t
a diameter of a quenched cylinder different microstructures




Hardenability

[ From the earlier study, we seen that, hardness profile various fromaasee. It leads tc

?

an important conclusion that, by varying the diameter of cylinder withesaompositior
will give the different hardness profiles, i.e., depth of hardness igmifft from different
size of samples. Generally this diagrams called as hardness-penetlagrams of
hardness-traverse diagrams.

Hardenability is the ability of a steel to partially or completely tramsf from austenite t(
some fraction of martensite at a given depth below the surface, when aauded a giver
condition.

For example, a steel of a high hardenability can transform to a high fraafiomrtensite tg
depth: of severe millimeters unde relatively slow cooling suct as< ar oil quenct wherea
a steel of low hardenability may only form a high fraction of martensite tiegth of less
than a millimeter, even under rapid cooling such as a water quétardenability therefore
describes the capacity of the steel to harden in depth under a given set of conditions.

J

100% Martensite

6o — N _ / | L _ 50% Martensite
_____________________________________ A& 50% Pearlite

30 — —_ — — — critical — —
diameter

Rockwell “C" hardness

v 34" 1 327



Hardenability

Increase in the hardenability or depth of penetration of hlaedness may b
accomplished by either of two methods:

1. With the actual cooling rates fixed, slow up the critical log 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 ratgsubing 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 wfraasing

hardenability.

Steels with high hardenability are needed for large higéngfth components, su

as large extruder screws for injection moulding of polymeistons for rock

breakers, aircraft undercarriages etc.

Steels with low hardenability may be used for smaller conamds, such as chise
and gears etc.

The most widely used method of determining hardenabilityhes end-quenc
hardenability test or the Jominy test, commonly called asidp End Quench
test.

e
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Jominy End Quench Test

O In conducting this test, a 1 inch round specimen 4 inch long is heated uniforntlyeto
proper austenising temperature. It is then removed from the furnace aretiga a fixture

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 thetlwinggl
direction. And then Rockwell C scale hardness readings are taken at 1/16ntetvals
from the quenched end. The results are expressed as a curve of hardness valistaits
from the quenched end. A typical hardenability curve shown below for eutectoid steel.

| o |
Holder for supporting Martensite
/- specimen during quench 70r /

o 0 ;

\""'.'i'f:m'uf.l'qm'nr'h .-g- - - —-C-34 (504 Maren.me)
s S0
[Song
O 40f
; 30F

L Rapid water quench "g
= 20F

10F
H‘/Kﬁ-ﬁi\;\‘ BT P P PR P T P PR

TTT""‘- Quench water jet Distance from quenched end in 1/16 inch units

1 P T T T I I R A A .
0 4 8§ 12 16 20 24 28 32 36 40 44 48

Jominy Samplg Variation of hardness along a Jominy

bar




Jominy End Quench Test

A number of Jominy end quench samples are first end- quenched for a serieffeoénd
times and then each of them (whole sample) is quenched by complete immiers
water to freeze the already transformed structures.

Cooling curves are generated putting thermocouple at different locationseaadling
temperature against cooling time during end quenching. Microstructures at the
where cooling curves are known, are subsequently examined and measure
guantitative metallography. Hardness measurement is done at each invegi@ated

Based on metallographic information on investigated point the transformsi@owhand
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 agramdi The
locus of transformation start, finish or specific percentage of toanmstion generats
CCT diagram gee next slide

A, B, C, D, E, F are six different locations on the Jominy sample showngare (before

slide) that gives six different cooling rates. The cooling rates A, B, C, D, E,diar

Increasing order. The corresponding cooling curves are shown on the tempdoat
time plot. At the end of the cooling curve phases are shown at room tempel
Variation in hardness with distance from Jominy end is also shown in the diagra

510N

pOiI
d by
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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.



Tempering

O Tempering is the re-heat treatment processes, to relieveetidual stresses a
improve the ductility and toughness of steel. In other wpr@snpering is 4
processes to optimize the strength and toughness of steel.

 With the increase in temperature, carbon diffusion becoammeciable and th
metastable martensite decomposes to more stable prodtots. stages o
tempering are known.

nd

[ d

Stage |

1 Stage | of temperature extends from room temperature to0dDAring this stage
the martensite decomposes to two phases: a low carbon migetevith 0.2%C
some times known as black martensite, afdCP, Fg ,C), a transition carbide.

J With Increase in the carbon content of the steel, mewearbide forms. It

precipitates very fine form and resolves only under thetedacmicroscope. Th
hardening effect due to this precipitation is usually dffise the softening effed
associated with the loss of carbon in martensite.

t




Tempering

Stage |l

 Stage Il tempering occurs in the range of 250-400°C changes the epsilon cark
orthorhombic cementite, the low-carbon martensite becomes BCC ferritemgnicbtained
austenite Is transformed to lower bainite as a function of time. The Gadrgltoo small t(
be resolved by the optical microscope, and the entire structure etcheby repml black
mass formerly called troostite.

ide to

A4

Stage Il

L Stage lll tempering in the range of 400-650°C continues the growth of the cem

particles. This coalescence of the carbide particles allows motieedferrite matrix to be

seen, causing the sample to etch lighter than the low temperature pradtius structure
formerly known as sorbite, it is resolvable above 500X, under electron microstapy

entite

L4

T

clearly visible.

Stage IV

L Stage IV tempering in the range from 650-720°C produces large, globular cen

particles. This structure is very soft and tough and is similar to the sgheed cementite

structure. Spheroidite is the softest yet toughest structure that steel ray ha

1entite

174




Tempering

O For many years , metallurgists divided the tempering prseemto definite stages.
For microstructures appearing in these stages was giveresidike Black
Martensite, troostite and sorbite. However, the changesianostructures are g0

gradual that it is more realistic to call the product of tennpg at any temperatune
simply tempered martensite.

Tempered

/ martensite

at low temperature

"
Martensite —
// <

fast cooling at hugh temperature

heat trectiment

Anstenite —— moderate cooling Bamuite Sl}lleu:u{hte
slow cooling
T~ Pearlite

S

A schematic of possible transformations involving austenite decomposition



Tempering

Tempering of some steels may result in a reduction of tougghmdnat is known a
temper embrittlement.

This may be avoided by (1) compositional control, and/or t€thpering abovz
575°C or below 375°C, followed by guenching to room tempegat

The effect is greatest in Martensite structures, less sawdpainite structures an
least severe in pearlite structures.

It appears to be associated with the segregation of sola@sato the grair
boundaries lowering the boundary strength.

Impurities responsibl for tempe brittlenes are: P, Sr, Sk anc As. Sireduce the
risk of embrittlement by carbide formation. Mo has a stahily effect on carbide
and is also used to minimize the risk of temper brittlenesswnalloy steels.

S

—

S

a' (BCT a(BCC) Fe,C(OR
Martensite Ferrite Cementit




Martempering

This heat treatment is given to oil hardenable and air halolensteels and thi
section of water hardenable steel sample to produce magengh minimal
differential thermal and transformation stress to avoidtattion and cracking.

The steel should have reasonable incubation period at tde nb its TTT
diagram and long bainitic bay.

The sample is quenched above, #mperature in a salt bath to reduce ther

n

mal

stress (instead of cooling belowdMirectly) Surface cooling rate is greater than at

the centre.

The coolinc schedul is sucl thai the coolinc curve: pas: behinc without touching

the nose of the TTT diagram. The sample is isothermally holzhanitic bay such
that differential cooling rate at centre and surface beceungalize after som
time.

The sample is allowed to cool by air through¥ - such that martensite forn

both at the surface and centre at the same time due to not reugbetature
difference and thereby avoid transformation stress becafisvolume expansion.

The sample is given tempering treatment at suitable terpera

e
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Martempering

Temperature

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




Austempering

Austempering heat treatment is given to steel to produceeidvainite in high

carbon steel without any distortion or cracking to the sampl

The heat treatment is cooling of austenite rapidly in a ba#inmined at lowe
bainitic temperature (above JMtemperature (avoiding the nose of the 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 contain

fully lower bainite. This heat treatment is given to 0.5-W6C steel and low

alloy stee.

The product hardness and strength are comparable to hardemktempered
martensite with improved ductility and toughness and umfo mechanical
properties. Products do not required to be tempered.

—a
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Austempering

Temperature

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




Comparison between Martempering & Austempering

L\ Eutectoid temperature

723
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N
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Alloy Steels

1 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 dragmathe right
— this implies that a slower cooling rate can be leygxd 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 sep‘c’ curves




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




Sample elements and their role

1 P »Dissolves in ferrite, larger quantities form iron phosphidérittle (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 stabilizehardness/strength, > 11% forms passive
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
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Alloying elements increase hardenability but the majortabation to hardness comes
from Carbon



= Mn, Ni are Austenite stabilizers

Temperature—

0 0.4

Temperature—

0.8 1.2 1.6
C (%) 5

0.4 0.8 1.2 1.6
C (%) =

|..----~ Outline of they phase field

= Cr is Ferrite stabilizer
= Shrinkingy phase field witht Cr




Temperature (°C)—
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U.S.S Carilloy Steels, United States Steel Corpora
Pittsburgh, 1948)




Surface Hardening Treatments

O Numerous industrial applications require a hard wear tasisurface called th

O They are two different categories. They are thermo chemarad thermg
mechanical treatments. Thermo chemical treatment is eckldd change i
chemical composition and In Thermo mechanical treatmaetgetis no change ¢
chemical composition of the steel and are essentially@hwathardening methods|

case and a relatively soft, tough inside called tmwe Example: Gears

 Adetailed flow chart is given below related to surface hardg treatments.

e
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Thermal

SURFACE

Flame

Induction

Laser

Y

Electron Beam

Thermo-Chemical

Carburizing

Nitriding

Cyaniding




Thermo Chemical Treatments

Carburizing

d

Carburizing is the most widely used method of surface hangerHere, the
surface layers of a low carbon steel (<0.25) is enriched wa&tbon 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 tinsediinto the steel as
function of time at an elevated temperature. Carburizingoise at 920-950°C. ¢
this temperature the following reaction takes place

Fe+2CQ - Fg,, +CG,

Where Fg, represents carbon dissolved in austenite. the rate ofstbffuof carbor
In austenite, at a given temperature is dependent uponffasidn coefficient ang
the carbon concentration gradient.

The carburizing equation given previously, Fe+2CO ,ReCO, is reversible

and may proceed to the left, removing carbon from the suttager if the steel is

heated in an atmosphere containing carbon dioxide ,JCO@his is called
decarburization.

»
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Carburizing

 Decarburization may be prevented by using an endothernsiag@osphere in the
furnace to protect the surface of the steel from oxygen,arahoxide and water
vapor.
 An endothermic gas atmosphere is prepared by reactingvefiatich mixtures of
air and hydrocarbon gas (usually natural gas) in an extgrhahted generator in
the presence of a nickel catalyst.

Liquid Carburizing

O Liguid carburizin¢is a methoc of cast hardenin: stee by placinc it in a batl (8%
NaCN, 82% BaCl and 10% NaCl) of molten cyanide so that carbon will diffuse
from the bath into the metal and produce a case comparableetoesulting from
pack or gas carburizing.

O Liguid carburizing may be distinguished from cyaniding e tcharacter and
composition of the case produced. The cyanide case is higheitrogen ang
lower in carbon; the reverse is true of liquid carburizedesas

BaCl +2NaCNII - BgCN), + 2NaCl

Ba(CN), +Fell - Feg, + Ba(CN),




Pack Carburizing

O In pack carburizingthe article s to be carburized are packed in a box, embec

them in a powdery mixture of 85% charcoal and 15% of energigach as BaCO
The box is sealed with fireclay and loaded into the furnacet le¢ 930°C. The
residual air in the box combines with carbon to produce COe Ehergize

decomposes as below : BaCO, I - BaO +CO
2

R

CO,+C I - 2CO
The carbon enters the steel through the following reaction:

Fe+2CO [ - Fe, +CO,

If selective carburization is to be done, copper is eledate to a thickness of
~0.05 mm in regions where carburization is not desired.rAligvely, a refractory
paste of fireclay mixed with asbestos can be applied. Cbofreemperature and
penetration depth is less in pack carburizing as comparetiqtnd and gas
carburizing. Also, direct quench from the carburizing temgture to harden the
surface is not possible.

<
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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, +FelD - 2H, +Fe,

 The carbon potential of the gas mixture increases with increasing conocemticHl]
methane. Too large a concentration or too high a gas velocity releases cartavn fas
thar it car be absorbe anc may resul in soo formatior on the surfact.

O Closer control of temperature and case depth is possible in gas carburizing, as
compared to pack carburizing. Also, post quenching can be done directly.

Heat treatment after carburizing

 Since steel is carburized in the austenite region, direct quenching froratiberizing
temperature will harden both the case and core will harden both the casmand the
cooling rate is greater than the critical cooling rate. Direct quencbingoarse grainegd
steels often leads to brittleness and distortion, so that this treasheuld be applied only
to fine grained steels? diagrammatic representation of various hardening treatments for
carburized steels shown in next slide.




Heat treatment after carburizing

_Carburizing temperature | 4 ¢ e
T T R e
=
o | p——r— — Y S
& Critical
E
et temperature A Y A
of case
Carbon confent ——— .
Timg —=—
TREATMENT CASE CORE
A—best adapted to fing Refined; Excess carbide not dissolved Unrefined;aod machinable

grained steels
B-best adapted to fine| Slightly coarsened; some solution of exces®artially refined; stronger and tougher thgan
grained steels carbide A

C-best adapted to fine Somewhat coarsened; solution of excess  Refined: maximum core strength and
P carbide favored; austenite retention promagtbdrdness; better combination of strengthjand

grained steels in highly alloyed steels. ductility than B
D-best treatment for | Refined solution of excess carbide favored; Refined; soft and machinable; maximur
coarse grained steels austenite retention minimized toughness and resistance to impact
E-adapted to fine graingd Unrefined with excess carbide dissolved; :
. R ) L Unrefined but hardened
steels only austenite retained; distortion minimized
F-adapted to fine grained Refined; solution of excess carbide favoregd; e
Unrefined; fair toughness

steels only austenite retention minimized




Carburizing
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Nitriding

d

d

In contrast to the processes described before, nitridirmguiged out in the ferrite
region. Consequently, no phase change occurs after nigridi

This part to be nitrided should possess the required coreepties prior to

nitriding. Pure ammonia decomposes to yield nitrogen weiters the steel:
2NH, I - 2N +3H,

The solubility of nitrogen in ferrite is small. Most of thetrugen that enters th

steel forms hard nitrides (e.g. /8. A typical nitriding steel contains alloyin

elements of 1%Al, 1.5%Cr and 0.2%Mo. Al, Cr, and Mo form veardhand wea

resistar nitrides.

The temperature of nitriding is 500-590°C. the time for aecdspth of 0.02mm |

about 2 hour. In addition with wear resistance, it also iases the resistance of

carbon steel to corrosion in moist atmospheres.
A common problem encountered in nitriding is the formatidny/'onitride (FgN)

on the outer layers of the case , known as the “white layerit, lasks white under

the microscope. This layer is very brittle and tends to créakust be removed b

final grinding operation. Its formation can be minimizedrgintaining the correg

ratio of NH,/ H, in the gas mixture during the heat treatment.
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Cyaniding and Carbonitriding

JJ

 In this case that contain both carbon and nitrogen are peztiurcliquid salt bath:s
(cyaniding) or by use of gas atmospheres (carbonitridifige temperatures used
are generally lower than those used in carburizing, beitgden 750-900°C.

 Exposure is for a shorter time, and thinner cases are prdgdupeto 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 steéher following
reactions:

—

2NaCN +0, 0 — 2NaCNC

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 tadpice a case depth of
0.25 mm or less.




Cyaniding and Carbonitriding

O Carbonitridingis a case-hardening process in which a steel is heated incaums
atmosphere of such composition that carbon and nitrogen adosorbed
simultaneously.

 This process is also known as dry cyaniding or gas cyanidings the gas
carburizing process modified by the addition of anhydraus@nia.

 The decomposition of ammonia provides the nitrogen, whidlers the steel along
with carbon.

A typical gas mixture consists of 15% NHKCH, and 80% of neutral carrier gas.
The temperatur usec is 75C-90C°C. With increasini temperatur¢ a greate
proportion of carbon enters the steel.

 The presence of nitrogen in the austenite accounts for therndéfferences
between carbonitriding and carburizing. Carbon-nitrogerstenite is stable at
lower temperatures than plain-carbon austenite and tvemsf more slowly or
cooling. Carbonitriding therefore can be carried out atdowemperatures and
permits slower cooling rates than carburizing in the hairtpaperation

—




Thermal Energy Treatments

Flame Hardening

O For large work pieces, such as mill rolls, large gears andpticated cross
sections, in such cases, flame hardening is done by means okyacetyleng
torch. Heating should be done rapidly by the torch and théasearquenchec

before appreciable heat transfer to the core occurs.

——T \"

O Four methods are generally use
Flame Hardening

v/ Stationar (Spot: Torck anc
work is stationary

v Progressive: Torch moves oV
a work piece

v' Spinning: Torch is stationar
while work piece rotates

v Progressive-spinning: Torc
moves over a rotating wor
piece.

O

— FLAME HEADS
< [STATIONARY)

==

COMPONENT
" (STATIONARYY

FLAME HEADS
{STATIONARY) -

SPINNIMNG
COMPONENT —.

o S
SPOT HARDENIMNG

QUENCHING
FLAME HEADS 2
(STATICHNARY) RING —

1 ~ FLAME HEADS
/S (MOVABLE)

" WATER
SOURACE

COMPONENT SPINNING HARDEMIMNG

T {STATIONARY)

COMPONENT
(MOVABLE) —

PROGRESSIVE HARDEMING




Induction Hardening

 Here, an alternating current of high frequency passes ¢ffr@an induction coi
enclosing the steel part to be heat treated. The induced eatt lthe steel. the
depth up to which the heat penetrates and rises the temperaliove A;is
iInversely proportional to the square root of the AC freqyenc

 Correspondingly, the hardened depth decreases with siogedrequency ir
induction hardening, the heating time is usually a few sdsohmmediately after
heating water jets are activated to quench the surface .elkte is produced at
the surface, making it hard and wear resistant. The miarcsire of the coré
remain: unaltere. Inductior hardenint is suitabl¢ for mas: productior of articles
of uniform cross section

\v

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



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.

§



Laser Hardening

Laser hardening treatment is widely used to harden lochlzreas of steel and cg
iIron machine components. This process is sometimes rdfetoe as lase
transformation hardening to differentiate it from laserface melting phenomena.

There is no chemistry change produced by laser transfam&i@rdening, and th
process, like induction and flame hardening, provides dactfe technique ¢
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 nmopegy control of

energ) input is necessail to avoic meltinc.

Laser transformation hardening produces thin surface zdm& are heated ar
cooled very rapidly, resulting in very fine Martensitic mostructures, even in stee

with relatively low hardenability. High hardness and goodlawresistance with les

distortion result from this process.

Laser hardening has the advantage of precise control o#a@réa to be hardened,
ability to harden reentrant surfaces, very high speed aldrang and no separa
guenching step (the quench is effected by the mass of theatetheaterial).

The disadvantage is that the hardening is shallower thamdoction and flame
hardening.
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Electron Beam (EB) Hardening

O Electron Beam (EB) hardening is like laser treatment, isduse harden the
surfaces of steels. The EB heat treating process uses antiated beam of high
velocity electrons as an energy source to heat selectedcsudreas of ferror

parts. Electrons are accelerated and are formed into a&liféeam by an EB gun.

 After exiting the gun, the beam passes through a focus cdilclwprecisely
controls beam density levels (spot size) at the work piecase and then pass
through a deflection caoil.

[ To produce an electron beam, a high vacuum of idr is needed in the regiq
where the electron are emittec anc accelerate. This vacuun environmer

protects the emitter from oxidizing and avoids scatteridghe electrons while

they are still traveling at a relatively low velocity.

O Like laser beam hardening, the EB process eliminates the foe€uenchants bu
requires a sufficient work piece mass to permit self quarghi

O A mass of up to eight times that of the volume to be EB hardeseacquired
around and beneath the heated surfaces. Electron beamrmimgrdees not requir
energy absorbing coatings, as does laser beam hardening.

\v
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Relative benefits of common surfabertarienipoeEsssss

PROCESS BENEFITS
Hard, highly wear-resistant surface (medium case depths)ellent capacity for contact load; ggqod
Carburizing |bending fatigue strength; good resistance to seizure;llertdreedom from quench cracking; low-{o-
medium cost steels required; high capital investment redui
Hard, highly wear-resistant surface (shallow case depthas) capacity for contact load; good bend|ng
o fatigue strength; excellent resistance to seizure; exgetlimensional control possible; good freedom ffom
Nitriding . ) _ . : N : .
guench cracking (during pretreatment); medium-to-higktcsteels required; medium capital investnpent
required; improved salt corrosion resistance
: Hard, highly wear-resistant surface (deep case depths) gapacity for contact load; good bendjng
Induction ) e ) ) . o e
) fatigue strength; fair resistance to seizure; fair dimemal control possible; fair freedom from quench
hardening _— ) _ R :
cracking; low-cost steels usually satisfactory; mediupitedinvestment required
Hard, highly wear-resistant surface (deep casehdgpiood capacity for contact load; good bending
Flame ) e . . s ) Qe
hardening fatigue strength; fair resistance to seizure;damensional control possible; fair freedom from ocie

cracking; low-cost steels usually satisfactory; lcapital investment required

Some Nitrided Steels

Carburized Steels

Hardness

Through Hardened

Case Depth



Residual Stresses

These are stresses that remain in the part after the forcaiseggpeared. Residu
stresses always arise from a nonuniform plastic deformatio

In the case of heat treatment, this nonuniform plastic deédion may be cause
by the temperature gradient or the phase change or usuatiynbigation of both
factors during cooling.

Residual stresses are a very serious problem in heat tneatsiece they oftel
result in distortion or cracking and in some cases in premdailure of the part ir
service.

Conside the effec of temperatur gradien alone . It was showr earlier unde the
effect of size and mass, that during quenching the surfacedated 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, direcatia much lowe
temperature, should have contracted much more than inside.

However since the outside and inside are attached to eaeh dtle inside, beint
longer, will prevent the outside from contracting as muchitashould. It will
therefore elongates the outside layer, putting them inidanshile the inside ir
turn will be in compression.
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Residual Stresses

O Thermal stresses may by calculated from the following fdemu

S

a .E .AT

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

Tension
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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




Residual Stresses

In general, the tensile stress on the surface may reach ahiginyvalue. If this
stress exceeds the ultimate strength of the material, icrguekll occur.

In the case of steel, however, thermal stresses alone valy faad to cracking. |
the stress is below the yield strength of the steel, the strei be borne
elastically.

When the entire piece has reached room temperatire, 0, and therefore, sing
the thermal stress will be zero, there will be no distortion.

If the stress exceeds the yield strength, the surface laykroe plastically
deforme( or permanentl elongate. At roorr temperatur the surface will have
residual compressive stress and the inside, residualdestisss.

Let us consider the combined effect of temperature gradirdtphase 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 thtermed force is
maximum at or near the surface. For these applicationdpshabrdened or cast
hardened parts are preferred.
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Temperatur

Residual Stresses

Through-Hardened Condition

_ T 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

: M . / \
18t stage 2nd s&‘ 3 stage

Compression
layers

Tension
layers

1 2
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



Questions..?

8.
9.
10. Why do not you have long carbide plates like Pearlite in Baintite?

If a piece of steel having 0.2% carbon is quenched after soaking at a tempguatwaieove
A, what type of structure will you get? Estimate approximate constituents oéplpgiesen
and their compositions.

Carbon atoms occupy octahedral interstitial sites in austeniteantef Estimate fractiol
of these sites that are occupied in these if carbon contents are 0.1 and 0.0 speticely.

Show that the inter-lamellar spacing of pearlite is inversely propottitméhe degree o
under cooling.

Which is the more stable, the pearlitic or the spheroiditic microstructure?2W

Microstructure of isothermallh transforme pearlite shoulc have identica spacin¢ in all
colonies. However often its microstructure often shows that lamellar spa®iries from
colony to colony. Why is it so?

Cite two major differences between martensitic and pearlitic toansitions.
Use the concept of Bain distortion to estimate maximum displacement expedidy iron

atom during martensitic transformation. Lattice parameters of austandeferrite are

0.356nm & 0.286 respectively. Assume c/a ratio of martensite to be 1.15.
Name three most important characteristics of martensitic transfanmiatsteel.
Explain why bainite does not form during continuous cooling in plain carbon steel.
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Questions..?

11.
12.
13.
14.

15.
16.

17.
18.
19.

20.
21. A hardened steel has become embrittled on tempering. Can this be de-edtbrittle

Suggest a simple experimental method for determination gfeliperature of steel if yo
have only facility for heat treatment and metallographic examination.

Which of the two would require more severe cooling rate to get fully hardemadtste?
(a) 0.8 % carbon steel (b) 1.0 % C steel.

Briefly describe the simplest continuous cooling heat treatment procedatevbuld be
used to convert a 4340 steel from (martensite + bainite) to (ferrite +ifarl

A piece of steel which was quenched after prolonged holding atGoaas found to have
ferrite martensite structure. Explain when would you expect this to happen?

List the factors thai determini the strengtl of properly hardene stee.

0.2 % plain carbon steel in annealed condition has 25% coarse péfilites. normalized
(heat treatment) what changes would you expect in its microstructure?

A thin strip of 1.2% carbon steel is quenched in water from its fully austestate. What

structure would you expect in this steel?

List the factors that determine hardenability of steel. Which of theseg@terred? Give
reasons.
What is meant by severity of quench? List the factors that determine \Winat is its

dimension?
Give example of a shallow hardening and a deep hardening steel.
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Questions..?

22.

23.

24.

25.

20.
27.
28.

29.
30.

In terms of heat treatment and the development of microstructure, what arengjor
limitations of the iron—iron carbide phase diagram?

Briefly describe the phenomena of superheating and supercooling. Why do these occ

Make a copy of the isothermal transformation diagram for an iron—carbonaileytectoid
composition and then sketch and label time—temperature paths on this diagpaoduce
the following microstructures:

Cite two important differences between continuous cooling transformationaainesgfor
plain carbon and alloy steels.

Whai is the white layel on stee thai forms during nitriding?
Cite three main reasons for surface hardening of steel.

Explain why core refining heat treatment may not be required for caseucaed
aluminium killed steel.

Can steel having 0.1% carbon be case carburized &350

Explain the construction of TTT diagram. Why it is called S — Curve? And Daa@CT
diagram for eutectoid steel. Which one is more important industrially and why?

ur?
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Introduction

1 Diffusion is defined as, random movement of atoms/ molexuiesolid, liquid and
gas. For example dissolution of ink in water and smoke in air

O It can also defined as, Diffusion is a process of mass trahspp atomic
movement under the influence of thermal energy and a coratent gradient.

 To comprehend many materials related phenomenon one mudtratanc
diffusion.

Role of Diffusion

Oxidation Creep

Sintering

Doping Carburizing

Many More...!

Materials Joining : Diffusion Bonding



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 termednés-diffusion.If the
movement is within similar atoms as in pure metals, it is tatself-diffusion.
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Diffusion Mechanism

O Diffusion of atoms involves movement in steps from onedatsite to the anothe
An empty adjacent site and breaking of bonds with the neighbmms are the twi

D

necessary conditions for this.

Vacancy Mechanism

O This mechanism involves movement of atoms (we are intetastsubstitutiona
atoms) from a regular lattice site to an adjacent vacancygeSvacancy and aton

exchange position, the vacancy flux is in the opposite timac




Diffusion Mechanism

Interstitial Mechanism

O This mechanism Involves migration of atoms from one inteastsite to a
neighboring empty interstitial site.

O Usually the solubility of interstitial atoms (e.g. carbom steel) is small. Thi
implies that most of the interstitial sites are vacant. Herfcan interstitial specie

wants to jump, ‘most likely’ the neighboring site will be \at and jump of the
atomic species can take place.

O This mechanisr is more prevalen for impurity sucl a hydroger carbon nitrogen
oxygen which are small enough to fit into an interstitial ios.

Interstitial

c ..&:/’/

Interstitial

\'\:: <




Diffusion Mechanism

Atom Interchange Mechanism

O It is possible for movement to take place by a direct intengeabetween two
adjacent atoms or by a four —atom ring interchange.

 However, these would probably occur only under special tomd, since the
physical problem of squeezing between closely packed bergig atoms would
increase the barrier for diffusion.

 Note: The rate of diffusion is much greater in a rapidly cdo#&loy 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




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

1 This is known as kirkendall effect. Named after the inverfionest Kirkendal
(1914-200%). It car be demonstrate experimentall by placing ar inerlt marke at
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 is
basically insoluble in A & B




Kirkendall effect

O Zn diffuses faster into Cu than Cu in Zn. A diffusion couple(af and Zn will lead
to formation of a growing layer of Cu-Zn alloys(asy.

time, t=0 t=t t=t2 >ty
Zn Zn Cu
Brass

 Same will happen in a Cu-Ni couple as copper diffuses fastarakel than nicke
in copper.

L Since this takes place by vacanc' mechanisn pores will form in cu (of the Cu-Ni

couple as the vacancy flux in the opposite direction (towdd) will condense to
form pores.

- 100 - .
= Cu Mi
=
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T EEEEEREEEREERER =
Cu Ni |  |e® e eeeses8e ="
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Diffusion of Cu atoms PETRD DR RN o
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steady and non -steady state diffusion

 Diffusional processes can be either steady-state or reaugistate. 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 constant with time,

whereas for non-steady-state diffusion, flux varies wiitinet

A schematic view of concentration gradient with distanaebioth steady-state and
non-steady-state diffusion processes are shown below.

A Flux (J) (restricted definition)— Flow / area / time  [Atoms /?/ S]

=

Concentration—>o

Distance, Xx—

C,

\V

Concentration— O

Steady state
J Zf(x,1)

=

Non-steady stat
J = f(x,1)

D

Distance, Xx—



steady and non -steady state diffusion

Steady State : Concentration profile not changirg time.

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(eft) (@ O @ @ |9 (right)

‘ ' ‘ . D Non-Steady State ]

J(x) Left #J(x) Right




Fick’s | law

 Steady-state diffusion is described by Fick’s first law @¥hstates that flux, J, is
proportional to the concentration gradient.

 The constant of proportionality is called diffusion coei#int (diffusivity), D
(cm¥/sec). diffusivity is characteristic of the system and defseon the nature of
the diffusing species, the matrix in which it is diffusingydathe temperature at
which diffusion occurs.

O Thus under steady-state flow, the flux is independent of tamd remains the same
at any cross-sectional plane along the diffusion directionthe one-dimensional
case Fick’s first law is giver by

4

J = atomd area/time ] concentraiton gradient

dc dc 1 dn dc

Q.
Jl—— S J=-D— — J)J=———=-D— -lc—s‘
dx dx A dt dx h e
>, 2
i oW
No. of atoms crossing h ,'d Concentration gradient| & -
area A A per unit time \ . / T
| .
d|ﬁUS|V|ty t 1 “ \\ The minus sign in the equation means that
diffusion occurs down the concentration gradient




Fick’s | law

In Ficks | law, minus sign comes from the fact that matter flows down the exanation

gradient. It is not necessatrily true in all the cases.

Matter may also diffuse up the concentration gradient, which is called ujffilsion.

Fick’s first law can directly be applied in the case
steady state, as shown in the example below.

Steady state means that there will not be any chang
the composition profile with time.

If we pass carburizing gas through the pipe as show
the figure anc decarburizin gas outside the pipe a
steady composition profile may develop.

Concentration gradient can be calculated following:

dc_ C-C,_ C,-C

dx d d

From this, one can calculate the flux from the kno
diffusion coefficients of carbon or the diffusig
coefficient from the flux determined.

Barbon

of

Carburizing

gas

_______________

uuuuuuuuuuuuuuu

...................

___....__:.__

-------

Aol

Conc

Distance, x

|

Decarburizing
gas




The steady-state diffusion is found in the purification of hydrogen
Solved Compute the number of kilograms of hydrogen that pass per hour thro
=EICENEY | 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
= — (L.7x10°m? / 5)( 025m?)(3600s/ h){ 04~ 20kg/m }

6x1073s

= 41x10kg/ h




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
co=|—Cc | [Ce= OB e =1.18kgC/m’
cT|'C.  C. | 0.01t  99.98¢ —LLokgL/m
—< +
o P | 225 787 ]
Similarly, for 0.0068 wt% C | ]
.. 0.0068 _ 3
- = 0.53%gC/m
Ce 0.0068 99993210 2
| 225 787 ]
X,—X _ -3
D=-J—"—>| |=—(736x10°Kg/m’ - s) 2x107m
C,—C; 118Kg/m’—0.535Kg / m’

=23x10"m? /s




Fick’s Il law

 Most interesting cases of diffusion are non-steady-statecgsses since the
concentration at a given position changes with time, and the flux changes with
time.

L This is the case when the diffusion flux depends on time, wimeans that a type
of atoms accumulates in a region or depleted from a regioicfwhnay cause them
to accumulate in another regiorjick’s second law characterizes these processes,
which is expressed as: Nomsl Atoms
X — —=|m =[J]

* Accumulaton=J_ -J,,,, m S
= = I
0J 0J
Accumulaton=J, —<J, +— J +—AX
[ {aHJ {ax}
% -
IS
7p)
S2 (2)20%)— () ﬂ( e
S Z ot) Ox\ ox ot 0 at 0X
Sl ‘
= ™ oc a ;
S — — Fick’s Il law
Z ot 6




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

C(x,t)-C

°—1—erf( X j
C.—-C, 2+/ Dt

Concer}%ration—>

Distance, Xx—

Where G represents the concentration at depth x after time t. The term edsstar Gaussian
error function. Corresponding error function values for a variable are usually foomadl| f
standard mathematical tables. The above equation demonstrates the ghkiptibetween
concentration, position, and time. Thus the equation can be used to ex@aw practical
industrial problems like corrosion resistance of duralumin, carburizahdrdacarburization of

steel, doping of semi conductors etc.



Summary on Fick’s Il law

Process Solution
ot — X Cs = Surface concentration
C=C.—-(C;-C,erf| ——
Carburisation s~ (Cs =) (zﬂ/DJ CO = Bulk concentration
At Cc=C erf( X j it -
Decarburisation 0 >JDt CO =Initial Bulk concentration

C = (Cl +G, j _(Cl -G jerf( X j C1 = Concentration of steel 1

biffusion couple 2 2 2./Dt )| €2 = Concentration of steel 2
(7K t Cmean = Mean concentration
Homogenisation C=Creant 5o SIN B} eX e BO = Initial concentration amplitude
A = half wavelength

t = relaxation time




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 is4.3x 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 04545 0.40 0.4284
er — |=0. |
2V Dt Z 0.4545
Using tabulation of error function values and linear interpretatiop
Z-040 _ 0.4545-0.4284 045 04755

Z=0427171

0.45-0.40 0.475E-0.428¢

[2 \/%j = 04277 x=2(04277/Dt = (0.8554,/ (36x10*s)(43x107 '’/ 5)
t

=106x10°m= 106mm




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
2x107°m
=1-erf — =1-erf (0.765
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 _10-07205 0.800 0.7421

0.2-0

C, = 0.056Mmt%N




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.




Factors affecting Diffusion

d

 Temperature has a most profound influence on the diffysaid diffusion rates. |

IS known that there is a barrier to diffusion created by neaging atoms thos
need to move to let the diffusing atom pass. Thus, atomicatitons created b
temperature assist diffusion.

Empirical analysis of the system resulted in an Arrheniyzetpf relationshif

between diffusivity and temperature.

D = D, 4

d Where Q)is a pre-exponential constant, Q is the activation energyliftusion, R

IS gas constant (Boltzmann’s constant) and T is absolutpaesture.

From the above equation it can be inferred that large aativatnergy mean
relatively small diffusion coefficient. It can also be obsged that there exists
linear proportional relation between (InD) and (1/T). Thhg plotting and
considering the intercepts, values of Q angchn 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 Temperature




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=(12x10"m’/s)exqd -

131000J / mol
(8.31] / mol-k)(67X)

=8.1x10"m?/s




Solved At what temperature will the difusion coefficient for thefdsion of
=SeJCEReW | 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=- s
R(In D, —In D)

By using the given data we can get

_|_ 1890003 / mol
(8.313 / mol-K)[In(2.6x10™°m* / s) - In(2.4x10°m*/ S)

=901K =628'C




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

_ 5InD,-InD,
nD, =D, -2¢{2}| |InD,=InD, -2 (Ly| o (@=R"7T 7

[IN(22x107%) - In(4.8x10™)
1 1
147K 167K

Q, =—(8.314J /mol-K)

=315700J / mol




Now we can solve [Xrom this equation

D, =D, e

= (2.2x10? / 8) exp 270U /mol
(8.31] /mol- k)(147%)
=35%x10"m*/s

(b) Using these values ofand Q D ,, 1573K is just

D =(3.5x10*m*/s) ex;{— 315700J /mol }

(8.31J/ mol-Kk)(157%)

=1.1x10"m?/s




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



Questions..?

> W N E

Briefly explain the difference between selfdiffusion and interdiffusion.
Compare interstitial and vacancy atomic mechanisms for diffusion.
Briefly explain the concept of steady state as it applies to diffusion.

Briefly explain the concept of a driving force. And what is the driving force feadi-state

diffusion?

A sheet of steel 2.5 mm thick has nitrogen atmospheres on both sides %t 864 is
permitted to achieve a steady-state diffusion condition. The diffusionficiesit for
nitrogen in steel at this temperature is34121° m?/s, and the diffusion flux is found to b
1.0x1C"kg/m?-s. Also, it is knowr thai the concentratio of nitroger in the stee al the high-
pressure surface is 2 kgimHow far into the sheet from this high pressure side will
concentration be 0.5 kgAn Assume a linear concentration profile.

If iron is kept at 1200°K in a carburizing atmosphere for 8hrs to obtain a ca
concentration of 0.75 at a depth of 0.5mm. Find the time it would take to reaoh carbon
concentration at depth of 7.5mm at 1250°K. (Givery  0.2x10-4 m2/s & Q F
143kJ/mole/°K)

The concentration of carbon on the surface of iron is maintained at 1.00% at 1175
2hours. Estimate the depth at which % C would be 0.5%. Use the diffusivity values
D,= 0.2x10-4 m2/s & Q = 143kJ/mole/°’K. Assume initial carbon content of iron t
negligible.

L4

e

the

rbon

‘K for
give
D be




Questions..?

10.

It is often thought that that species having lower activation energy ddftesster than thi
one having higher activation energy. Is this always true?

Rank the following samples in order of increasing self diffusion coeffits (a) Aluminium
single crystal, (b) Polycrystalline aluminium whose average grain sizemgron (C)
Polycrystalline aluminium whose average grain size is 10micron.

For a steel alloy it has been determined that a carburizing heat treatingfith duration
will raise the carbon concentration to 0.35 wt% at a point 2.0 mm from th&acaif
Estimate the time necessary to achieve the same concentration at angeosiion for an
identical steel and at the same carburizing temperature.
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Stainless Steels

Stainless Steels are a large group of special alloys developed primariyithstand
corrosion. These steels contain chromium in excess of 12% by weight which

“stainless” characteristics to iron alloys.

Types of stainless steels:

Martensitic SS

Stainless Steels

Duplex SS

Ferritic SS Austenitic SS Precipitation

Hardened S$

A4

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

npart




Martensitic Stainless Steel

 These are primarily straight chromium steels with 11.5 to 18%.C%% C, 1.25% Mn,

and 1%S.i.

O Common examples are 403, 410, 416, 420, 440A, 501 & 502 (AlISI grades).
O 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 resistanc

and strength

. z A pa,
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Microstructure of annealed 416 stainless steel
etched with Vilella’s reagant

Mlcrostructure of hardened type 403 stamless
steel etched with 4% picral-HCI
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Austenitic Stainless Steel

These are chrome-nickel (3xx type) or chrome -nickel- manganese(2xx type) alloys.
Total content of Niand 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. Hence shows obexsion
resistance

Used in chemical industry and for household and sanitary fittings.

L O0DpoO0oo

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

’dﬂmﬂ ~

BN Fquiaxed grains

7

~ ¥
(..,f > h_,_'%...,

Annealing twins

~ -
4 \ -'a__-u-‘

Microstructure of annealed type 316L austenitimétas
steel etched in 20% HCI, 2% NH4FHF, 0.8% PMP




Ferritic Stainless Steel

[ These are primarily straight chromium steels with 14 to 27% Cr. Carbastacted both th)
maintain high toughness and ductility and to prevent austenite formation (Asrcar
expands the gamma loop)

 These steels can be cold formed easily and hence are used for deeppdndsvsuch a
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 structures achieves maximum

softness, ductility and corrosion resistance.

U)

Single-phase microstructure of an
annealed ferritic stainless steel

Microstructure of annealed ferritic stainless stemitaining
26% Cr and 1% Mo, etched electrolytically in 60% GINH,O




Precipitation Hardened Stainless Steel

 Contains Mo, Nb, Ti or Al in addition to basic composition. Ni content is gengtalls 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 resistestasniafss
steels. Also shows excellent elevated-temperature performance enddely used in the
aerospace industry.
O Strengthening is accomplished by the precipitation of intermetallic compouwntds &s
Ni;Al in austenitic or ductile low-carbon martensitic matrices.

DO

A} ”4

Heat Treatment

v" Thest steel: are usually solutior — anneale followed by air coolinc with the resultan
transformation of austenite to martensite. After forming ageing-@B0° C) is carried out
to cause precipitation effect.

v" More is the agerng temperature better is the ductility, toughness anthnesisto stress
corrosion. '.,u ,.m g!;‘ﬁﬂ T ":ff

?r f' Tempered

Microstructure of 17-4PH alloy solution
treated at1038C and aged at 495C

Mrcrostructure of an aged austenitic
precipitation-hardening stainless steel




Duplex Stainless Steel

Duplex stainless steels by design have nearly balanced amounts of ferriteshewlite.
Compositions of duplex stainless steels range from 17 to 30% Cr and 3 to 13% Nbdéaum,
a ferrite stabilizer, is also typically present.

d Shows higher strength and better resistance to stress corrosion. §eaneductility at low
temperature is compensated by increased rates of strain hardening dueaimeinsiuced
transformation of austenite to martensite

d Used in petrochemical industry (for handling wet an dry,C&bur gas and oil products), he

exchanges (welded tubing), chemical, industries etc.

DO

Heat Treatment

v" Thermomechanical processing is accomplished in the tves@ferrite austenite fields.
v" Amounts of ferrite anc austenit formec durin¢c hot working or annealini are a functior of temperatur.
Higher temperatures produce larger amounts of ferrite celghot working temperatures must be ki

between 1000 - 1208
A DT s, o
Ferrite \ =
v
. i

Austenite

[ %
g o J

Microstructure of duplex stainless Microstructure of cold worked and
steel 7Mo-Plus annealed duplex stainless steel Al 2205

at



Tool Steel

Tool steel refers to a variety of carbon and alloy steels that arecpkatiy well-suited to be
made into tools.
Characteristics include high hardness, resistance to abrasion (exeedar), an ability tg
hold a cutting edge, resistance to deformation at elevated temperatddsafidness).
Tool steel are generally used in a heat-treated state.

A\~

AISI-SAE tool steel grades

Defining property AISI-SAE grade Significant charadgcs
Water-hardening W
@) Oil-hardenin:
Cold-working A Air-hardening; medium alloy
D High carbon; high chromium
Shock resisting S
T Tungsten base
High speed
9N sp M Molybdenum base

H1-H19: chromium base
Hot-working H H20-H39: tungsten base
H40-H59: molybdenum bas

D

Plastic mold P

L Low alloy
F Carbon tungsten

Special purpose




Tool Steel and their Uses

L Shock resisting tool steets Intended for applications requiring toughness and resistan

L Water hardening tool steels Shallow hardened and relatively low resistance to softer

Steels for Room Temperature Use (Classified according to their quenchalig)me
O Water hardened grades (W Plain carbon steels with 0.6-1.0 %C. These have a

shock-loading such as hammers, chisels, punches, driver bits and others.

They are suitable for woodworking tools, hand-metal cutting tools such as tapsaamdrs
and cutlery.

hardenability, ie., martensite only to a depth of 0.5 in. V can be added £fM@;)to
iImprove the hardness and wear resistance of these steels.

Shocl resistar 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.

ce to

1ing.

low

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.

Air hardening grades (A}» Greater amounts of Cr and Mo and 1 %C. Used
complicated shapes and thread rolling. Mo and W are relatively expensivegare only
added in small amounts to give much improved hardenability.

High carbon, high Cr grades (D gradey 12 %Cr and 1.5-2.25 %C are extremely wg
resistant and used for long run dies and for gauges. Chromium is a relativelgdst
addition for increasing hardenability with the excess Cr,,;Cy is also formed, which
Improves wear resistance.

for

carl
V




Tool Steel . Steels for High Temperature Use

O Chromium hot working steels (H grades)5-7 % Cr, 0.4-1.0% V, 1.5-7.0% W, 1.5% M

0.35% C. Medium hot working for Mg and Al extrusion die-casting dies.

L Tungsten hot working steels (H-» 9.5-12 % W, 3.5-12.0 % Cr, 0.35 % C. Hot workin

extrusion and forging dies for brass, nickel and steel.

L Tungsten high speed steel (B 12-18 % W, 4.0 % Cr, 1-5 % V, 0.7-1.5 % C. Original hi
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,

1.5 % C. Used for 85% of US cutting steels before the advent of ceramic cutting tools

D,

g,

Heat Treatment Processes

Schematic diagram ol
tool steel processing up

to the final hardening
heat treatment

TEMPERATURE

TOOL STEEL PROCESSING

e

ANNEALING
SLOW COOLING (~10°C/h)

MACHINING HARDERNING
¥

TIME



High Speed Steel (HSS)

HSS is a subset of tool steel, commonly used in tool bits and cutting toedsften used ir
power saw blades and drill bits.

They are characterized by high carbon contents, sometimes up to 1.5%, pmchdthtions
of strong carbide forming elements such as chromium, molybdenum, tungste
vanadium. Up to 12% Co is also included in some of the more complex grades.

It can withstand higher temperatures without losing its temper (hardnéssh allows it to
cut faster than high carbon steel, hence the name.

Other characteristics include high hardness, resistance to abrasicglldeikavear), ar
ability to hold a cutting edge, resistance to deformation at elevatetgpdratures (reg
hardnes:.
Modulus Of elasticity: 221GPa, Density : 8767 kg/fh durability & hardness), Thermag
Conductivity: 21W/m/K

HSS are mainly of two types: Tungsten based ones (T grades), Molybdenuddreese(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

n and




High Speed Steel (HSS)

Heat Treatment

Schematic diagram of the
heat treatment of High
Speed Steel

1500
1250

1000

Annealing | Hardening ' Tempering |
| I |
| Slow | |
, preheat | '
o8 . |
| | '
! 1 3d |
I i ten'per tampa{ temper
| | r T

Slow | I Vo
heating | Oil, air or I “ |
and : sait bath : L
cooling \ | cooling | |
Time

Microstructure of KMnO
etched M2 high-speed steel
showing Feathery, MC
eutectics (M, maybe Fe,
Mn, Cr with a little W, Mo,
V).




High Strength Low Alloy Steel (HSLA)

d HSLA steels are low carbon steels that contain up to 10 % alloying addibf the strong
carbide- or nitride-forming elements niobium, titanium or vanadium, separatébgether.

 The alloying elements enable martensite and bainite to form during querexhthigcreases
strength and impact toughness.

A —1

MBS Mn% | P% | S% |Ni% |Cr% Mo% Zr B% C”
Grade

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 0.1 0.002 0.3

0.500.02

1.00



High Strength Low Alloy Steel (HSLA)

A533 grade B ol F
[ Contains small amounts of Ni and Mp hardenability,
forms ferrite plus bainite microstructure on quenching.

L Tempering of bainitef toughness, strength & similar
ductility to the hot worked low-carbon plain-carbpn
steels.

L Used for nuclear vessels and steam generators

Microstructure of A533 grade B quenched
from 90C °C anc tempere al 62C °C
Grades A543 class 1 and A517 grade F showing ferrite and tempered bainite

L Contains Ni, Cr, Mo with further additions of V, Zr, and B.
O Very high yield and tensile strengths in addition to good toughness
O Ni, Cr, Mo + V forms a mixture of martensite and bainite on quenching, while theiaddl

Zr and B enables 100% martensite to form on quenching to give even greater strength.

Zr + B — Forms precipitate at high temperaturgsstrength
Tempering of bainite and martensite 600-650°C, 1 toughness
Used in plates, shapes, forgings and for weld constructions including bridges aman

C OO

—

wucl

pressure vessels etc.
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Microstructure of A543 class 1 quenched
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

O Niimproves low temperature notch toughness.

O 3.5 %Ni in Steel A203 does not improve the strength but after tempering duatile-br
transition temperature is lowered to below <20

O 9% Ni content of A533 improves the strength by “solid solution strengthening” up tp the
level of the Ni-Cr-Mo HSLA steel and also gives A533 a higher ductility lsat its ductile
to brittle transition temperature is lowered to below —200

O A 203 is used for a variety of relatively low-stress, low temperature egipdins and A53]
Is used for high-stress low-temperature applications such as pressurés \assdor the
transport of liquified natural gas (-17Q)

ST




High Strength Low Alloy Steel (HSLA)

L Contains Cr and Mo which increases its resistance to high temperateeg ¢Due ta
interphase precipitation hardening) and corrosion resistance.

[ Quenching and Temperingstrength with good ductility similar to A543
 Used for high pressure chemical reactors and refinery vessels.

Steel showing interphase precipitation at
thea/y boundary




Microalloyed Steel

 Microalloyed steel— Contains small amounts (< 0.2%) of strong carbide forming elements
such as niobium, vanadium, titanium, molybdenum, zirconium, boron, and rare eaatls me
— refines the grain microstructure (Grain size of ferrite ASTM 12-14) &iliates
precipitation hardening (by forming fine dispersion of alloy carbides).

 These steels have improved strength and excellent weldability comparaidtsteel. In
terms of performance and cost, these steels lie between carbon stemlaaltbi/ed steel.
[ Typical mechanical properties of Microalloyed steel are: Yielce&gth— 400-500 Mpa,
Tensile Strength- 600-650 Mpa, % Elongation> 20-22.

 Used in vehicles/transportation, tubular components, heavy equipmens, it
shore/platform: bridges suspensic component: building structure etc.
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Microstructure of Nb-Ti steel obtained from plane Microstructure of low carbon microalloyed steel
strain compression tests after soaking at 1200°C produced by thermo-mechanical processing



Heat Treatment

d

d

In order to realize the full strengthening potential of micro-alloying adds, it is necessary
to use a soaking temperature prior to forging that is high enough to dissolve aflivama
bearing precipitates. A soaking temperature above 1100°C is generally preferred
For Nb—Ti microalloyed steel the single step austenite reheating teamupe at 1150°C
provides better austenite conditioning than the higher reheating temperature at 1240°C.

NbC TiC Vn

\1200"c \
{1200°C — \ S
\\\\“*- ‘\\~~‘"‘~ GGUEE\\Q____

900°C 905“(: ‘

(d

(=]
-
[=4]

o
-
N

Alloying metal in %
= [
o o
£ [#]

0

3 e —
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 determiningythen size and,
hence the strength level.

If rolling is done through the transformation into the completely ferritic coodj fine
ferrite is seen in subgrain structures.

Alternatively, If rolling is finished above the/oa 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 raptdsrimposed by
water spray cooling following rolling. Rapid cooling rate results inngf@rmation of equi;
axed ferrite to Widmanstatten ferrite with a much higher dislocationitlens

"
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Introduction

O O

Metallic materials, when considered in abroad sense, majmbed into two large
groups, ferrous and non ferrous.

The ferrous materials are iron-based, and the non ferrousrimia have som
element other than iron as the principle constituent .

The bulk of the nonferrous materials is made up of the allofyscapper,
aluminum, magnesium, nickel, tin, lead, titanium and zinc.

Other nonferrous metals and alloys that are used to a les¢enteinclude
cadmium molybdenurr cobalt zirconium beryllium, tantalum anc the preciou:
metals gold, silver and the platinum group.

— This chapter will be concerned with the more important noofes metals anc
alloys These are as follows.

Copper and copper alloyBfonze and Brass)

Aluminum and aluminum alloys

c







Copper and Copper Alloys

/

Pure Cu

Cu- alloys

Brasses Cupronickel Brasses

Deformable alloys Cast alloys




Introduction

U O

The properties of copper that are most important are higbtretal and therma
conductivity, good corrosion resistance, machinabifitsength, and easy fabricatio

Most of the copper that is used for electrical conductorgaios over 99.9 percent
copper and is identified as electrolytic tough-pitch capfeTP) or oxygen-free

high-conductivity copper (OFHC).

ETP copper contains from 0.02 to 0.05 percent oxygen, whscbhombined with
copper as the compound cuprous oxide (Qu As cast, copper oxide and copy

form an inter dendritic mixture. After working and anneglirthe inter dendriti¢

networl is destroyec anc the strengtl is improvec.

Oxygen-free copper is used in electronic tubes or similaliegtions 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.
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Introduction

Brasses are essentialBlloys of copper zincSome of these alloys

amounts of other elements such as lead, tin, or aluminum.

have small

The portion of the binary copper zinc pha
diagram which is applicable to commerc
alloys is shown in Fig.

The solubility of zinc in the alphaaj 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 electrg
compound and undergoes ordering, indics
by a dot-dash line, in the region of 455 to 4
°C.

On cooling in this temperature range f
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B.C.C B phase, with copper and zinc atoms

randomly dispersed at lattice points, chan
continuously to the ordered structuf@ |,
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)

otal
u_
Cu-




Alpha plus Beta Brasses

 These contain from 54 to 62 % copper. And this alloy considivaf 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 tifiegphase becomes very plastic, and since most of t

alloys may be heated into the single phfisegion, they have excellent hot-working

properties.

 The most widely usedi+p’ brass ismuntz metal(60Cu-40Zn),which has high
strength and excellent hot-working properties.
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Alpha plus Beta Brasses

Free-cutting brasg61.5Cu-35.5Zn-3Pb) has the best machinability of any 43
combined with good mechanical and corrosion resistanteytms.

Forging bras$60Cu-38Zn-2Pb) has the best hot working properties of aagand
Is used for hot forgings, hardware and plumbing parts.

Architectural bronze(57Cu-40Zn-3Pb) has excellent forging and free matcl
properties.

Naval brass(60Cu-39.25Zn-0.755n), also known &shin bronze has increase
resistanc to sall watel corrosior anc is use( 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 brdsss

high strength combined with excellent wear resistance anged for clutch disks

extruded shapes, forgings, pump rods, shafting rod, vadras and welding rod.

Cast brasse§he previous discussion was concerned primarily with whailigasses
which are mainly binary alloys of copper and zinc. The cassbes are similar i
name to the wrought brasses but usually contain appreciamleunts of othe
alloying elements. Tin may be present from 1 to 6 percent aad from 1 to 1C(

rasS
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percent; some alloys may contain iron, manganese, nickehlminium.







Introduction

 The term bronze was originally applied to the copper-tinya| 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 alloying element.

 Bronze, as a name, conveys the idea of a higher-class aléoy lihass, and it has
been incorrectly applied to some alloys that are really ishbcasses

 Commercial bronzes are primarily alloys of copper and tlapgnum, silicon, or
beryllium. In addition, they may contain phosphorus, leanl¢ or nickel.

Tin Bronzes

 These are generally referred to plsosphor bronzesince phosphorous is always
present as a deoxidizer in casting.

 The usual range of phosphorus content is between 0.01 a#g Qrid of tin between
1 and 11 percent.

 The copper- rich portion of the copper-tin alloy system iswgh in next page. Thf
phase forms as the result of a peritectic reaction at°T@&At 586 °C, the phase
undergoes a eutectoid reaction to form the eutectoid nax{ufy). At 520°C,
gamma ) also undergoes a eutectoid transformatiorutedy.




Tin Bronzes

O The diagram also indicates the "® 2000
decomposition of thé phase. This takes ,m\\ | -
place by a eutectoid reaction at 358G \\ \\ ¢ 1
forming (o+e). This reaction is sp  °® TS 1600
sluggish that in commercial alloys, the AN
epsilon €) phase is nonexistent. . {0t

O The slope of the solvus line below 520 Em ; i\ i -wwg‘
°C shows a considerable decrease in|the sw
solubility of tin in the o phas.. o o | W 1000

O The precipitation of theéd and ¢ phase A1 e 1 s00
due to this change in solubility is slow ** /
that, for practical purposes, the solvus sopb—1 /': ; L T ey
line is indicated by the vertical dotted Weight percent fi
line below 520 °C. Copper-rich portion of the copper tin phase diagram

 For this reason, slow cooled cast tin bronzes containingvb&P6 tin generally sho»l\/
only a single phase, the solid solution. There is some of the phase in most
castings containing over 7 percent tithe phosphor bronzes are characterized| by
high strength, toughness, high corrosion resistance and freedom for season cracking




Silicon Bronzes

]

Moo
 The copper-rich portion of the coppe il\

silicon alloy system is shown in Fig.
The solubility of silicon in thex phase T~
iIs 5.3% at 850C and decreases wi
temperature.

;
/

8

e

8

STemperature 22

 The eutectoid reaction at 555°C is ve
sluggish, so that commercial silicc
bronzes, which generally contain lgsswo
thar 5% Si, are single phas: alloys.

8

A
>

= 1200

1000

509, ] 2 3

Weight percent silicon

Copper-rich portion of the copper Silicon phasechan

 Silicon bronzes are the strongest of the work-hardenable copper alloys. They
mechanical properties comparable to those of mild steel and corrosiostares
comparable to that of copper.

L They are used for tanks, pressure vessels, marine construction, and hydrasis@imes.

ha



Aluminum Bronzes

1800 2000

[ The maximum solubility of aluminum i : ~
the a solid solution is approximately 9.5% o+t i i!
at 565°C to form theo(+y,) mixture. 1000 T \ \ 1500

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, nickel, manganes anc silicon are | £ ¢
frequently added to aluminum bronzes I \ /

1
| /ﬂ'"’ ¥z
. . . = t—t—Y—={1200
corrosion resistance to atmospheric and | f
water attack. P N (R

[

d Thea+p aluminum bronzes are interestipg T —
because they can be heat treated to oftain eer, |00

structures similar to those in steel. 500- - : - m = .

Temperature, °F

T 4 &
I
T

140

L The single-phase aluminum bronzes show®® | !
good cold working properties with gogd | | \

Weight percent alumunusm

Copper-rich portion of the copper aluminum phasgm




Cupronickels

O These are copper-nickel alloys that contain up to 30% nickieé copper-nickel
binary phase diagram shows complete solubility, so thatcafironickels are¢

single-phase alloys. They are not susceptible to heamesdtand may have thegir
properties altered only by cold working.
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1100 p&
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(Cu) Composition (wt% Ni) (Ni)

 The cupronickel alloys have high resistance to corrosidigda and also high

resistance to the corrosive and erosive action of rapidlyingosea water. They are

widely used for condenser, distiller, evaporator and heelh@nger tubes for naval
vessels and coastal power plants.







“Where ever weight Is the enemy
Where ever appearance matters

Where ever durability Is required”

The answer is Aluminum & its alloys



Introduction

Aluminum and its alloys possess many attractive charatitesiincluding light weight
high thermal and electrical conductivities, a nonmagneéture, high reflectivity, higt
resistance to corrosion, reasonably high strength witldghatility and easy fabrication

Nevertheless, probably the most important charactemdteluminum is its low density
which is about one-third that of steels and copper alloyscaBse of this, certai
aluminum alloys have a better strength-to-weight ratimthigh-strength steels.

Among the many alloying elements added to aluminum, the nvaktly used are coppe
silicon, magnesium, zinc, and manganese. These are usadiaus combinations, and

many case they are use( togethe with othel addition: to producet classe of age

hardening, casting, and work hardening alloys.

All age hardening alloys contain alloying elements thasalge in aluminum at elevate

(solution treatment) temperatures and precipitate at Ho(@ging) temperatures. An

example of an age hardening alloy is Al-Gahich will discussed in coming slides).

Most casting alloys contain silicon, which improves thedity and mold-filling capacity
of aluminum alloys and reduces their susceptibility to haicking and the formation ¢
shrinkage cavities during solidification. Work hardenaltpys frequently contain Mn an
Mg, which form a fine dispersion of inter metallic phases /andmpart solid-solutior
strengthening.
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Major Aluminum alloy systems

Al-Cu

Al-Cu-Mg
; Age-Hardening
Al-Mg-Si — alloys
Al-Zn-Mg
Al-Zn-Mg-Cu
Al-Si
— | Casting alloys

Al-Si-Cu

Al-M - .

J __| Work Hardening
Al-Mn alloys




ALUMINIUM ALLOY DESIGNATION SYSTEM

ALLOY MAJOR ALLOYING EXAMPLE
GROUP ELEMENTS
AA 1XXX Min. 90% pure Al. AA 1050
AA 2XXX Copper AA 2014, AA2024
AA 3XXX Manganese AA 3003
AA 4XXX Silicon AA 403C
AA 5XXX Magnesium AA 5083
AA 6XXX Magnesium+Silicon AA 6061
AA 7TXXX Zinc AA 7075, AA 7175
AA 8XXX Others AA 8020




Heat treatment

I I I R

O

The most important heat treating process for non ferroug/slisage hardening
or precipitation hardening

In order to apply this heat treatment, the equilibrium deegrmust show partia

solid solublility, and the slope of the solvus line must behstiat there is greate

solubility at a higher temperature than at a lower tempegatu

The purpose of precipitation hardening treatment is to awerstrength of thg
materials. It can explained by with respect to dislocations

The presenc of dislocatior weaken the crysta — eas! plastic deformatiol
Putting hindrance to dislocation motion increases thengtreof the crystal
Fine precipitates dispersed in the matrix provide such gedment.

For example: Strength of Ab 100 MPa
Strength of Duralumin (Al + 4% Cu + other alloyialpments)}— 500 Mpa

Two stages are generally required in heat treatment to pmdge hardening:
v Solution treatment

v' Aging




Age -Hardening

—

«.| | Sloping Solvus lin

) = high T— high solubility
low T — low solubility

of Cu in Al

Al 15 30 45
% Cu —

Al rich end of the Al-Cu phase diagra

60



Age-Hardening

On Equilibrium cooling‘

"a0—-0+0

=Slow equilibrium cooling gives rise to
coarsed precipitates which is not good
in impeding dislocation motioh.

4% Cu
(a (FCC)) ‘a (FCC)) (6@CuAl(Tetragona))
4%Cu |OM"® | 0.5%Cu |+ 52%Cu

. 550°C . RT ) { RT )



Age -Hardening

To obtain a fine distribution of precipitates
the cycleA — B — Cis used ﬂ M e
. . . //l
Solution treating at high temperature, then //

guenchingsecond phase is in solid solution) A C
—Cycle Aand B /
%

| o+0

A | | Heat (to 55°C) — solid solutiora I
vl

4 % Cu

-~ supersaturated solution

B | | Quench (to RT)»
“|Increased vacancy concentration

Ageing at room temperature or slightly higher temperaterecipitation of second
phase, giving strengthening effeet)Cycle C

C | | Age (reheatto 200°C) — fine precipitates

Note: Treatments\, B, C are for the same composition




Age-Hardening

18C°C

Pe

Dispersion of
fine precipitates
(closely spaced)

k-aged

N

Coarsening

of precipitates
with increased
interparticle spacing

<_ _Overaged

y

Region of solid solution
strengthening

(no precipitation hardening]

Log(t) —

y

Region of precipitation
hardeningbut little/some
solid solution
strengthening)

 Higher temperature = less time of aging to obtain peak hardness

 Lower temperature = increased peak hardness
— optimization between time and hardness required




A complex set of events are happening parallely/setially during the aging process
— These are shown schematically in the figure below

180°C

Peak-aged

Log(t) —

Increasing size of precipitates with increasingiparticle (inter-precipitate) W

Interface goes from coherent to semi-coherentdoha[@

Precipitate goes from GP zore0” — &’ —>>




TCC) -

Age-Hardening

Atom % Cu—

600

5004

400-

2004

100

e
into this zone — reversion . " ol

O Due to large surface to volume ratio the fipe
precipitates have a tendency to coarsensmall
precipitates dissolve and large precipitates grow

O Coarsening
= | in number of precipitate
= 1 in interparticle (inter-precipitate) spacing
— reduced hindrance to dislocation motion

0" nucleation on
dislocations

e!!

AT GP zones
zones will dissolve if keafcd

-~

62

cleation on

in Boundaries

~-., " At higher temperatures the stal® phase is
produced directly

., = At slightly lower temperature® is produced
first

cone solvus
>~ = At even lower temperaturés is produced
first

- = The normal artificial aging is usually done in

3 4 5
Wt%Cu —

% this temperature range to give rise to GP
zones first



Coherent lattice theory

The strengthening of a heat-treatable alloy by aging is nat therely to the

presence of a precipitate. It is due to both the uniform ithstion of a finely
dispersed submicroscopic precipitate and the distortidineolattice.

There are several theories of precipitation hardeningxpa@m in what manne
precipitate particles harden the matrix or solvent latttbe most useful theory
coherent lattice theory.

After solution treatment and quenching, the alloy is in aessaturated conditior
with the solute atom: distributecal randon in the lattice structur¢ (Fig A).

During an incubation period, the excess solute atoms tendigoate to certair
crystallographic planes, forming clusters or embryos effitecipitate.

During aging, these clusters form an intermediate crystattire, ortransitional
lattice, maintaining registry (coherency) with the lattice struetaf the matrix.

The excess phase will have different lattice parametera ftise of the solven
and as a result of the atom matching (coherency), there \eilictnsiderably

|4

—

—

S F

distortion of the matriXFig B).




Coherent lattice theory

 The distortion of the matrix extends over a larger volume twauld be the case |f
the excess phase were a discrete particle. Eventually thebemgm excess phase
Is formed with its own lattice structui@&ig C).

O This causes a loss of coherency with the matrix and lessrtistchardness and
strength will decrease, and the alloy is ‘over-aged’. Thalenow be a boundary

between the excess phase and the matrix so that the premibgarticle will be
visible under the microscope.

Solute Solvent Transition Equilibrium
atam 5 atom s lattice precipitate

:g:lll'll‘:aa&.

-3.......332325.

o TR T
tittt‘i‘iti‘.‘i‘to-

]
(a) (b) (¢)
Stages in the formation of an equilibrium precipitate




Solid -Solid Interfaces

Consider an interface between two solid phasemd6, arising wherb nucleates and grows in
o . The interface can be of various types

o.t Cr— Pt
-.- I.l...ll" ( () { ) () (L}

08000000008
SO80000E0eee

f \ fCoherent, with strain. It is likely that a
coherent interface will have some elast|c
Coherent. There is perfect alignment of strain. The strain energy increases with
the lattices. the size of the growing particle and the

will be a transition to a semi coherent

\ / \interface.




Solid -Solid
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Semi-coherent. The introduction of
dislocations (defects in the way th
crystal is organized) reduces the overall
elastic strain, although they themselves
contribute to the energy of the system.
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Corrosion Resistance of Al and Al-alloys

The high corrosion resistance of aluminum is due to the melfecting, thin,
invisible oxide film that forms immediately on exposing Bmes to the
atmosphere.

This film protects the metal from further corrosion. If thede film is removed, in
many environments, a new film will form immediately and thetal remains fully
protected.

In certain strongly acid or alkaline solutions, or in contagth moist corrosive
materials that prevent access of oxygen to the aluminunaseyfthe protectiv
film doe¢ nol form readily. Therefore the aluminun shoulc be adequatel
protected or not used at all.

A relatively thick oxide coating on aluminum and aluminumog$é may be
produced by placing the metal into an agueous solution contp15 to 25%
sulfuric acid. This process, known aodizing, produces a clear, transparé

coating containing submicroscopic pores that are usualblesl before use o

prevent absorption and staining. Sealing may be accongalibly suitable heatin
In hot water.
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Corrosion Resistance of Al and Al-alloys

The corrosion resistance of Al-Cu alloys and Al-Zn alloysadisfactory for most

applications but is generally lower than that of the othemahum alloys. Unde
certain corrosive conditions they are subject to interglancorrosion.

Therefore, these alloys in the form of sheet are usually wldd a high-purity
alloy such as commercial aluminum or a magnesium-siliclmyal

The coating slabs are mechanically attached to the allog aogot, and the

bonding is accomplished by hot rolling. The nominal clagdimickness per side
usually 1% or 2% percent of thickness of the base material.

Pure Aluminium Coeting..
1-\-\-\""‘l.

/

Ai:ium Alioy

4

Alclad alloys are extensively used for aircraft applicaidoecause of the excelle
combination of high strength and high resistance to caorosi
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Questions..?

1. Which lead — tin alloy will be ideal for joining electronic assemblies?e3eason.

2. Why is Al-12% Si alloy a very popular casting material for automotive applications

3. Cartridge brass is easily cold worked but Muntz metal can not be cold workedi&xyihy
itis so.

4. Explain the applications of Bronze and Brasses.

5. What is the diffrence between disordered & ordered AuCu3 alloy? How is thenuesd
ordered structure detected?

6. Name three common grades of steel produced by ingot route. Which of these has| highe
yield?
7. Why does compressive stress develops at the surface in a case carburizedsmupiently
case hardened steel?

8. Why low carbon content is preferred in most structural application? Is highgth not g
major criterion?

=

9. What is the composition of the steel designated as 25Mn1S14? What is the role ofrsulfur
this steel?

10. Why is it possible to get much finer grain structure in steel than in aluminum?
11. How is ausforming different from austempering? Is this a hot working process?
12. What is the effect of micro-alloy addition on rolling load?




Questions..?

13.

14.

15.

16.

17.
18.
19.

20.

21.

22.
23.

How is the mechanism of strengthening in maraging steel different from ti;
conventional ultra high strength steel?

Explain why commercial steels / alloys having lower stacking fankrgy exhibit higher

creep resistance.
Does all steel suitable for ausforming exhibit transformation induced plg8tic

High speed cutting tools are made of 18W4Cr1V0.6C and it is used in hardene
tempered condition. Unlike normal hardened and tempered plain carbon tooit steeb
not lose its cutting ability even when it is red hot. Explain why it is so.

Briefly explair why ferritic anc austenitii stainles steel: are not hea treatabl..
What is the main difference between brass and bronze?

Explain why, under some circumstances, it is not advisable to weld atgteuthat is
fabricated with a 3003 aluminum alloy.

On the basis of melting temperature, oxidation resistance, yield streagt degree @
brittleness, discuss whether it would be advisable to hot work or to coté (&) aluminum
alloys, and (b) magnesium alloys.

What types of alloys would respond to precipitation hardening?
Why Aluminium alloy rivets are strored in refigerator?

A batch of age hadrenable alloy has been overagred by mistake. Is thereapny slavage

these?
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Questions..?

24.\Why non-age hardenable aluminium alloys are chosen for beverage can?

25.When can you get more than one peak in the hardness versus aging time plot eha giv
alloy at a given temperature?

26. Ag rich GP zones can form in a dilute Al-Ag alloy. Given that the tdtparameters of A
and Ag are 0.405nm and 4.09nm respectively. What is likely shape of these zones?

27.Under what heat treatment condition an age harden-able alloy can be machined?
28. What the principal difference is between wrought and cast alloys?

29. Give the distinctive features, limitations, and applications of the fahgwalloy groups:
titaniumr alloys refractory metals superalloy, anc noble metal.

30. What is Duralumin? Give its alloy number and uses. What is the recent deveiopme
alloy for aircraft bodies and application?







