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MET-302 Engineering materials
Chapater - 1.0
Engineering materials and their properties
Introduction

» Matenal science and engineering plays a vital role 1 this modern age of science and

technology. Various kinds of materials are used in industry, housing, agriculture,
transportation, etc. to meet the plant and mdividual requirements.

» 'The knowledge of materials and their properties 1s of great importance for a design

engieer

» A design engimmeer must be famuhiar with the effects which the manufacturing processes and
heat treatment have on the properties of the materials

The engineering materials are mainly classified as
» Metals and their alloys, such as 1ron, steel, copper, alununium etc.

» Non-metals such as glass, rubber, plastic etc.

Metals may further be classified as-

o Ferrous metals-

The ferrous metals are those which have the ron as their main constituent, such as cast
iron, wrought iron etc.

v Non-ferrous metals.

The non-ferrous metals are those which have metal other than 1iron as their mamn
constituent, such as copper, alununium, brass, tin, zinc etc.

Physical properties

v Physical properties are employed to describe the response of a material to imposed stimuli
under conditions m which external forces are not concerned.

v Physical properties include .

a) Dimensions,
b) Appearance,

c¢) Colour,

[1]
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d) Density,

e) Melting point,
f)  Porosity,

g) structure, etc.

Dimensions

Dimmensions of a material implies 1t’s size(length,breadth,width,diameter, etc.) and
shape(square,circular,channel,anglesection, etc.)

Appearance

* Metals themselves have got different appearances e.g., alunmunium is a silvery white metal

where as copper appears brownish red.
* Appearance mclude lusture, colour and finish of a material.

* Lusture 1s the ability of a matenal to reflect ight when finely polished. It 1s the brightness of

a surface.

Colour

* 'The colour of the matenal 1s very helpful in identification of a metal. The colour of a metal
depends upon the wavelength of the light that the material can absorb.

Density
* The density 1s the weight of unit volume of a material expressed i metric units.

* Density depends to some extent on the

a) Punty of matenal
b) Pour volume
¢) T'reatment, the material has received.

* Density helps differentiating between hight and heavy metals even 1if they have same shape

and any outer protective coating.

Melting point

* Melting pomnt of a matenial 1s that temperature at which the solid metals change mto molten
state.

*  One metal can be distinguished from the other on the basis of its melting pont.

2]
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Porosity

* A metal 1s said to be porous 1f 1t has pores within it.
* Pores can absorb lubricant as in a sintered self-lubricating bearing.
* Itis the ratio of total pore volume to bulk volume

Structure

* It means geometric relationships of material components.

* It also implies the arrangement of mternal components of matter( electron structure, crystal
structure, and micro structure)

Chemical properties

* A study of chemical properties of materials 1s necessary because most of engineering
matenials when they come i contact with other substances with which they can react, tend
to suffer from chenical deterioration.

* The chemical properties describe the combming tendencies, corrosion characterstics,
reactivity, solubilities, etc.of a substance.

* Some of the chenucal properties are
1. corrosion resistance

2. chemical composition
3. acidity or alkalinity
Corrosion

v' It is the deterioration of a material by chemical reaction with its environment.
v Corrosion degrades material properties and reduces economic value of the material.

v Corrosion attacks metals as well as non-metals. Corrosion of concrete by sulphates m soils
1s a common problem

Performance requirement

v The material of which a part is composed must be capable of embodying or performing a
part’s function without failure.

3]
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for example - a component part to be used m a furnace must be of that material which can

withstand high temperatures.

v" While it is not always possible to assign quantitative values to these functional
requirements, they must be related as precisely as possible to specified values of most

closely applicable mechamcal, physical, electrical or thermal properties.
Matenal’s rehiability

v Reliabiliy is the degree of probability that a product, and the material of which it is made,
will remain stable enough to function m service for the mtended life of the product without
failure.

v" A material if it corrodes under certain conditions, then, it is neither stable nor reliable for

those conditions.

Safety

A material must safely perform its function, otherwise, the failure of the product made out of 1t
may be catastrophic i air-planes and high pressure systems. As another example, materials that

aives ofl spark when struck are salety hazards in a coal mune.

[4]
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Chapater - 2.0

Ferrous materials and alloys
Characternstics of ferrous materials:

* Ferrous materials are metals or metal alloys that contamn the 1ron as a base matenal.

* Steel 1s a ferrous alloy, and there are a number of other alloys that contain ron.

* Ferrous metals are good conductors of heat and electricity.

* Metal alloys have high resistance to shear, torque and deformation.

* The thermal conductivity of metal 1s useful for containers to heat matenals over a flame.
The principal disadvantages of many ferrous alloys 1s their susceptibility to corrosion.

Application:

* Due to the strength and resilience of metals they are frequently used m high-rise building and

bridge construction, most vehicles, many appliances, tools, pipes, non-illlummated signs and

raillroad tracks.

* Corrosion resistance property makes them useful m food processing plants, e.g., steel.

e (ast ron 1s strong but bnttle, and 1ts compressive strength 1s very high. So used m castings,

manhole covers, engine body, machine base etc.

* Mild steel 1s soft, ductile and has high tensile strength. It 1s used mn general metal products like

structural, workshop, household furniture etc.

* Carbon steels are used for cutting tools due to their hardness, strength and corrosion resistance

properties.
Classification:

Alloy
g o
ferrous
m
alloy
ieaiiin g Tool Steel
carbon carbon

[5]
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Steel-It is an alloy of iron and carbon in which carbon content is upto 2%.

It may contain other alloying elements.

Cast iron-In cast iron carbon content is 2% to 6.67%

Lower melting pomt (about 300 °C lower than pure ron) due to presence of eutectic pomt at 1153
°C and more carbon content.

Types of cast iron: grey, white, nodular, malleable and compacted graphute.

Low carbon steel-Carbon content in the range of 0 - 0.3%.

Most abundant grade of steel 1s low carbon steel ( greatest quantity produced; and least expensive).
Not responsive to heat treatment; cold working needed to improve the strength.

It has good weldability and machinability

Medium carbon steel-Carbon content in the range of 0.3 - 0.8%.

It can be heat treated - austenmitizing, quenchig and then tempermg.

Most often used 1n tempered condition - tempered martensite

Medium carbon steels have low hardenabaility

Addition of Cr, N1, Mo improves the heat treating capacity

Heat treated alloys are stronger but have lower ductility

Typical apphcations - Railway wheels and tracks, gears,crankshafts.

High carbon steel-High carbon steels - Carbon content 0.8 - 2%

High C content provides high hardness and strength.
Hardest and least ductile.
Used i hardened and tempered condition

Strong carbide formers like Cr, V, W are added as alloying elements to from carbides of these
metals.

Used as tool and die steels owing to the high hardness and wear resistance property

[6]
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Tool steel- Tool steel refers to a variety of carbon and alloy steels that are particularly well-suited
to be made mto tools. Their suitability comes from their distinctive hardness, resistance to
abrasion, their ability to hold a cutting edge, and/or their resistance to deformation at elevated
temperatures. Tool steel 1s generally used m a heat-treated state. Many high carbon tool steels are
also more resistant to corrosion due to their higher ratios of elements such as vanadium. With a
carbon content between 0.7% and 1.5%, tool steels are manufactured under carefully controlled
conditions to produce the required quality.

Stainless steel-Stainless steel does not readily corrode, rust or stain with water as ordinary steel

does, but despite the name 1t 1s not fully staimn-proof, most notably under low-oxygen, high-salinity,
or poor-circulation environments. There are different grades and surface fimishes of stamnless steel
to suit the environment the alloy must endure. Stainless steel 1s used where both the properties of

steel and corrosion resistance are required.

Stainless steel differs from carbon steel by the amount of chromium present.

Plain Carbon Steel

Plain Carbon Steel 1s an alloy of 1ron and carbon with carbon content up to 1.5% although
other elements such as Silicon, Manganese may be present. The properties of carbon steel are
mainly due to its carbon content.

Carbon Steel 1s classified mto

1) Low carbon steel or Mild steel
11) Medium carbon steel
111) High carbon steel

Low carbon steel or Mild steel:

Low carbon steel or mild steel 1s further classified i to three types basing on their
composition 1-e percentage of carbon.

a) Dead mild steel or nuld steel containing 0.05 to 0.15% of carbon.

b) Mild steel contaimng 0.15 to 0.2% of carbon.
c¢) Mild steel contaimng 0.2 to 0.3% of carbon.

Application of Mild Steel:

1) Dead muld steel 1s used for making steel wire, sheet, rnvets, screws, pipe, nail, chain, etc.

11) Mild steel contamning 0.15 to 0.2% carbon 1s used for making camshalfts, sheets, strips
for blades, welded tubing, forgings, drag lines, etc.

111) Mild steel contamning 0.2 to 0.3% carbon 1s used for making valves, gears, crank shalts,
connecting rods, railways axles, fish plates and small forgings, etc.

[7]
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Medium Carbon Steel

Steel containing 0.3 to 0.7% carbon 1s known as Medium carbon steel.

Medium carbon steel are of three categories.

1) Steel containing 0.35 to 0.45% carbon 1s used for connecting rod, wires & rod, spring
clhips, gear shaft, key stock, shalfts & brakes lever, axle, small & medium forgings, etc.

11) Steel containing 0.45 to 0.55% carbon 1s used for railways coach axles, axles & crank
pins on heavy machines, splines shafts, crank shatts, etc.

111) Steel containing 0.6 to 0.7% carbon 1s used for drop forging die & die blocks, clutch
discs, plate punches, set screws, valve springs, cushion ring, thrust washers, etc.

High carbon steel

Steel contaming 0.7 to 0.1.5% carbon 1s known as high carbon steel.

Uses

1) Steel containing 0.7 to 0.8% carbon 1s used for making cold chisels, wrenches, jaws for
vice, pneumatic drill bits, wheels for rallway service, wire for structural work, shear
blades, automatic clutch disc, hacksaws, etc.

11) Steel contaming 0.8 to 0.9% carbon 1s used for making rock drills, railway rail, circular
saws, machine chisels, punches & dies, clutch discs, leaf springs, music wires, etc.

111) Steel containing 0.9 to 1.0% carbon 1s used for making punches & dies, leal & coil
springs, keys, speed discs, pins, shear blades, etc.

V) Steel contamming 1.0 to 1.1% carbon 1s used for making railway springs, machine tools,
mandrels, taps, etc.

V) Steel contamming 1.1 to 1.29% carbon 1s used for making taps, thread metal dies, twist
drills, knives, etc.

V1) Steel contamming 1.2 to 1.3% carbon 1s used for making files, metal cutting tools,
reamers, efc.

vi1) Steel contamming 1.3 to 1.5% carbon 1s used for making wire drawing dies, metal cutting
saws, paper kmves, tools for turning chilled 1ron, etc.

Alloy Steel:

Steel 1s considered to be alloy steel when the maximum of the range given for the content

of alloying element exceeds one or more of the following linuts.

[8]
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Mn-1.65%, S1-0.6%, Cu-0.6%

or in which a definite maximmum quantity of any of the following elements 1s specified.

Al, B, Crup to 3.99%, Cu, Mo, N1, 11, W, V or any other alloying element added to obtain a

desired alloying effect.

Low and medium alloy steel: In low and medium alloy steel alloying element is not

exceeding 10%.

1) Ist symbol: 100 times the average percentage ol carbon.
11) 2", 4", 6" ,etc symbol: Elements

m) 39 5% 7% etc. symbol: percentage of elements multiphed by factors as
follows.
Element Multiplying factor
Cr, Co, Ni, Mn, Si& W 4
Al, Be, V, Pb, Cu, Nb, T1, Ta, Zr & Mo 10
P,S, N 100
1v) Last element: It indicates special characteristics.

High alloy steel: In hagh alloy steel, total alloying element 1s more than 10%.

For example: X10 Cr 18 N1 9 S3
X- High alloy steel

10 %- 0.1 %C

Crl8 - 18 % Cr

N19-99% N1

S 3 - Pickled condition

Tool Steel:

Tool steel may be defined as special steel which are used to form, cut or otherwise change

the shape of a matenal m to fimshed Or senu-finished product.

[9]
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Properties of Tool steel:

1) Shight change of form during hardening.
11) Little nsk of cracking during hardening.
111) Good toughness

1v) Good wear resistance

V) Very good machiability

V1) A defmite cooling rate during hardening
Vi) A delmite hardening temperature

viil) Resistance to de-carbunzation
1X) Resistance to softening on heating

Classification of Tool steel:

The Jomt Industry Conference, U.S.A. has classified tool steel as follows:

Svmbol Meaning
o W-IHigh speed steel
M Mo-IHigh speed steel
D High C, hugh Cr steel
A Air hardening steel
O O1l hardening steel
W Water hardening steel
H Hot work steel
S Shock resistance steel

Composition of Tool Steel:
1) W-High speed steel
i C07 Cr4 V1 WIS
Ta C075Cr4 V1 W18 Cob
Te: C08 Cr45 V1S W20 Col2
2) Mo-High speed steel
M: CO08 Cr4 V1 W15 Mo38
Me: C08 Crd V1S5 W4 Mos5 Col2
3) High C, high Cr steel
D.: Cl5 Cr12 Mol
D:: Clb Crl12 Mol Co3
D C235Cr12 V4 Mol
4) Air hardening steel
A Cl (15 Mo 1
Az G225 Cxrd.25 V 4.75 W1l Mol
As: C05 Cr5 Nil5 V1l Mold
5) Oil hardening steel
O C09 Mnl Cr05 WO0.5
Oz Cl45 811 Mo 0.25

[10]
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6) Water hardening steel
Wi CO0.6/1.4 V 0.25

W CL1 G055
7) Hot work steel
Hoe C04 Cr3d.25 V04 Mo 25
Hes C0.35Crd V04 W15 Molb
8) Shock resistance steel
Si: 05 Cr 1.5 W 2.5
Sa: C0.5 Si1 Mo 0.4
Ss: C0.55 Mn 0.8 Si2 Mo 0.4
S C0.5 Crdi2) Mo 1.4

Stainless Steel:

When 11.5% or more chronnum 1s added to iron, a fine film of chromium oxide forms
spontaneously on the surfaces. The film acts as a barner to retard further oxidation, rust or
corrosion. As this steel cannot be stained easily, 1t 1s called stainless steel. The stamless steel basing
on their micro-structure can be grouped 1n to three metallurgical classes such as Austenitic stainless
steel, Ferntic stamnless steel & Martensite stainless steel.

Austenitic Stainless Steel:
Properties:

1) They possess austenitic structure at room temperature.

2) They possess the highest corrosion resistance of all the stainless steels.
3) They possess greatest strength and scale resistance at high temperature.
4) They retam ductility at temperature approaching absolute zero.

5) They are non-magnetic.
Composition:
C 0.03 to 0.25% Mn 2tol10% S 1 to 2%
Cr 16to269% N1 3.5to 22%
P & S Normal Mo & T1m some cases
Uses:

1) Aircralt industry (Engine parts)

2) Chenucal processing (heat exchangers)
3) Food processmg (Kettles, tanks)

4) Household items (cooking utensils)

5) Dawry mdustries (mulk cans)
6) Transportation mdustry (Traillers & railways cars)

[11]
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Ferntic stainless steel:
Properties:

1)
2)
3)

They posses a microstructure which 1s primanly ferntic.
They are magnetic & have good ductility
They do not work harden to any appreciable degree.

4) They are more corrosion resistant than martensitic steel.

5) They develop therr maximum softness, ductility & corrosion resistance i the annealed
condition.
Composition:
C 0.08 to 0.20% Si 19 Mn 1tol.5% Cr 11to 27%
Uses:
1) Lming for petrolinm mdustry.
2) Heating elements for furnaces.
3) Intenor decorative work.
4) Screws & fittings.
5) Oil burner parts.

Martensitic stainless steel:

Properties:
1) They posses martensitic microstructure.
2) They are magnetic n all condition & possess the best thermal conductivity of the
stainless types.
3) Hardness, ductility & ability to hold an edge are characteristics of martensitic steels.
4) They can be cold worked without difficulty, especially with low carbon content, can be
machined satisfactorily.
5) They have good toughness.
6) They have good corrosion resistance to weather and to some chemicals.
7) They are easily hot worked.
Composition:
C 0.15t0 1.29% &1 19% Mn 1% Cr 11.5 to 18%
Uses:

1) Pumps & valve parts

2) Rules & tapes

3) Turbme buckets

4) Surgical mstruments, etc.

[12]

Scanned with CamScanner



Effect of Alloying Elements:

Chromium:

with improved resistance to abrasion & wear.

Manganese:

1)
2)

3) Lowers both ductility & weldability if it is present in high percentage with high carbon

It contributes markedly to strength and hardness.

It counteracts brnittleness from sulphur.

content i steel.

Nickel: It

1)
2)
3)
4)
5)

6)

icreases toughness & resistance to impact.
lessens distortion m quenching.

It joms with carbon to form chromiium carbide, thus adds to depth hardenability

Lowers the critical temperatures of steel & widens the range of successful heat treatment.

strengthens steels.
Renders high-chromium 1ron alloys austenitic.

does not unite with carbon.

Vanadium: It

1)
2)
3)
4)

promotes fine grams i steel.
mcreases hardenability.
imparts strength & toughness to heat-treated steel

causes marked secondary hardening.

Molybdenum: It

1)
2)
3)
1)
5)
6)
7)

promotes hardenability of steel.
makes steel fine gramed.

makes steel unusually tough at various hardness levels.

counteracts tendency towards temper brittleness.
raises tensile & creep strength at high temperatures.
enhances corrosion resistance n stamless steels.
forms abrasion resisting particles.

Tungsten: It

1)
2)
3)
4)

mncreases hardness.

promotes [me grans.

resists heat.

promotes strength at elevated temperature.

[13]
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CHAPTER 3.0
IRON-CARBON SYSTEM

3.1 Concept of phase diagram

A phase in a material is defined as a region of spatially uniform macroscopic physical
properties like density, atomic arrangement, crystal structure, chemical compaosition etc.

Example

Iron in bece structure, fcc structure, in liquid form and in gaseous state are different phases of
Iron.

In one component materials a phase is stable over a range of temperature and pressure. A
homaogeneous solution of two or more components that may exists over a range of composition,
temperature and pressure is considered as the same phase.

Equilibrium phase diagram are normally used to show the stability of different phases in a
material as function of temperature, pressure and composition.

General features of phase diagrams are costrained by conditions of thermodynamic
equilibrium. When no chemical reactions occur between different components is a system, then

the phase rule can be started as f=C-P + 2

Where, C is number of components in the system;
P is number of phases in equilibrium,

2 represents temperature and pressure as independent variables,

fis degree of freedom. It is the maximum number of variables that may be independently
varied without changing the number of phases in equilibrium.
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|
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L 3. 10' | SA— !
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T(K) —» T (K) -

The fig. 3.1 shows phase diagrams of two one component system, H,O and carbon as a

function of temperature and pressure. In a single phase regions both P and T may be independently
varies.

In two component (binary) systems, there are three independent variables i.e, temperature,
pressure and relative concentration of one of the component.

[14]
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Fig-3.3 —lron — Carbon phase diagram

At all temperatures, the following reaction takes place : Fe,C M’&FE + C (graphite)

At higher temperatures, the graphitization of the iron- carbide occurs.

The above figure is an iron-carbon phase diagram. As the liquid alloy cools to 1153°C dendrites
of austenite phase starts forming in the liquid. At 1153°C, the liquid reaches eutectic composition

and solidifies as a eutectic mixture of austenite and graphite. Upon subsequent slow cooling, additional
graphite forms from the austenite and eutectoid graphite is formed in the temperature interval from

738°C10 723°C.
f austenite is super cooled below 723°C it decomposes with the separation of a ferrite-
cementite mixture. Rapid cooling inhibits precipitation of graphite partially or completely and promotes

formation of cementite. If liquid cast iron is super cooled below 1147°C cementite is precipitated.
The precipitation of graphite from the liquid phase is possible only at very slow cooling rates i.e

when the degree of super cooling does not exceed 5°C.

The rapid cooling prevents graphitization of cementite in white cast iron, but if the casting is

reheated to about 875°C and held there for long time, then graphite is slowly produced in the form
of temper carbon. This is called malleable cast iron.
[15]
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CHAPTER- 4.0 /

CRYSTAL IMPERFECTIONS
4.1. Definition of crystal

Whenever atoms arrange themselves in an orderly repetitive three dimensional pattern a
crystal is formed.

't is a solid which consists of atoms arranged in a pattern in 3-D.

A perfect crystal is constructed by the infinite regular repetition in space of identical structural
units or building blocks.

The symmetry is an important characteristic of most of the crystals.

e.g cube and octahedrons are simple form of the crystal.

All metals are crystalline, where atoms are arranged in a definite periodic order.
Classification of Crystals

On the basis of periodic arrangement of atoms crystals are grouped into seven systems.

The systems are :

Cubic, tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic and triclinic.

In the present context, only cubic and hexagonal crystal structures are considered as most
of the metals and alloys belong to these two systems.

In crystal structure, the smallest unit is one unit cell which characterizes the specific
arrangement and |location of atoms.

There are three types of unit cells with cubic crystal structure such as SC, BCC, FCC.

Simple Cubic

Hexagenal Crystal Structure

Example - Metals like Be, Tc, Mg and Zn
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In ideal crystals, the angles between the faces required to determine the crystal form are
same.
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Crystal Imperfections

Crystals are not perfect. An important characteristic which determines some important
properties of crystalline materials is the presence of imperfections. Except some ideal crystals
most of the crystals have some type of defects or imperfections. All crystals are not composed of
identical atoms on identical sites throughout a regularly repeating 3D lattice. These imperfection or
defects are used to describe any deviation from an orderly periodic array of atoms and influence
the characteristics like mechanical strength, electrical properties and chemical reactions.

4.2 Classification of imperfections

Defects one classified into point, line or place and volume imperfections.
4.3 Types and causes of point defects
Point Defects

In crystal lattice, point defect is completely local inits effect. VWWhen point defect gets introduced
in crystal |lattice, internal energy of the crystal increases.

Types

Vacancies, interstitialcies and impurities are example of point defctes.
Causes

A vacant |attice site is a point defect.
Vacancies

The number of vacancies at equilibrium present in a crystal at a given temperature can be
determined by the equation.

no = Ne- AE/KT

Where n0 = number of vacancies per mole

N = total number of atomic sites per mole.

A E = activation energy for formation of vacancy.

K = Boltzman’s constant.
T = Temperature in absolute scale.

Vacancies are atomic sites from which the atoms are missing and exist in metal at all
temperatures above absolute zero. It play a great role in diffusion of atoms in the crystal lattice. It
arises from thermal vibrations and introduced during solidification.

Interstitialcies

When an atom is displaced from a regular site and occupies an interstitial site, an interstitialcy
Is formed. It also gives rise to lattice distortion because interstitial atom tends to push the surrounding
atoms apart. The smaller the size of interstitial atoms smaller the defect.

[17]
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Impurities <

=y

Impurities are foreign atoms which are present in the crystal lattice. Impurity atnms may

occupy either interstitial or substitutional position. It is a small atom occupies an interstitial void
space between atoms at lattice points of the crystal.

vacancy

O 0/0|10 O O

o} o\o o O o o o 0/o O
O 0 O O O O O O O O
O O 0 0 0 O O O 0 0O 0 0O
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O O O 0 0 0O O 0O 0 0 O O
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interstitial Atom
(c) (d)

Fig 3.5 Various types of point defects. (a) Vacancy, (b) Schottky defect, (c) Interstitialcy, (d) Frankel
defect.

4.4. Types and causes of line defects, Edge dislocation and screw dislocation.
Line Deffects

Line defects are also known as dislocations. Dislocation is the region of localized lattice
disturbance between slipped and unslipped regions of a crystal. Due to lattice disturbances, elastic
strain fields and stresses are associated with dislocations.
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Fig-3.6
Types

Dislocations are of two types : (1) Edge dislocation (2) Screw dislocation

Edge dislocation

In the figure of edge dislocation in which a burger’s vector lies perpendicular to the dislocation
ine. Aburger circuit is drawn around the dislocation line and the vector required to close the circuit
RS is known as the burger vector of the dislocation. An edge dislocation moves in the direction of
the burger vector. It has an extra row of atoms either above or below the slip plane in crystal.

[18 ]
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