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Unit 1

Engineering Materials

1. Ferrous Materials

We use a variety of metals, nonmetals and their compounds in our daily life. For example, a

typical automobile may contain the following materials (see Tablel. 1)

Table 1.1 Main materials a typical automobile may contain

Steel 1530 kg Cast iron 350 kg
Rubber 60 kg Plastic 55 kg
Glass 52 kg Aluminium 30 kg
Zinc 26 kg Copper 16 kg
Lead 15 kg

Wood, ceramics, etc. are in smaller quantities.

Based on their origin and composition these materials may be broadly classified as shown

below in Figure 1. 1.

Engineering Materials

1
. 1
Metallic Non-metallic
Ferrous Non-;lerrous Organic Inorganic
. Aluminium Plastics Minerals
Steels Cast iron Copper Wood ement
Magnesium Paper Glass
Plain Grey Tin Rubber Ceramics
Carbon White Zinc Leather Graphite
Alloy Malleable Lead Petroleum
Ductile Nickel and products
their alloys

Figure 1,1 Classification of engineering materials

Among these, ferrous materials are by far used most extensively because of their better and

varied mechanical properties and lower costs,
1. Iron

The basic source of iron and steel is iron ore, which is an oxide of iron mixed with alumina,

silica, phosphorous, manganese, sulphur and other materials. Major iron ores are haematite and

magnetite which contain about 55% iron.

Pig iron, the principal base material for all steel furnaces, is the product of the blast furnace.
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Pig iron contains carbon (about 4%, silicon (1 %), manganese (1%) and smaller percentages of
phosphorous and sulphur, Pig iron is hard and brittle. It lacks the great strength, ductility and
resistance to shock that steel possesses.

Absolute pure iron is very difficult to obtain. In this state, it is a soft and highly plastic
metal of a light grey colour having a specific weight of 7. 86. The mechanical properties of
commercial grade iron containing 0. 1% to 0. 2% impurities are:

Hardness, 60~80 BHN;

Tensile strength, 180310 MPa;

Yield point, 200 MPa;

Reduction in area, 75%.

The only application that can be found for pure iron is in the making of magnets in view of its
high permeability. Otherwise, the extensive use of iron is in the form of its large number of
alloys. Iron can be alloyed with many elements. Alloys of iron and carbon are most widely used in
engineering. They contain certain amounts of silicon, manganese, chromium, nickel and other
elements.

Before proceeding to study the properties of ferrous alloys, a brief survey of the structure of

materials would be beneficial to better understand the subject.

1) Plain Carbon Steels

As has been mentioned earlier, iron in its purest form is not used as an engineering material
because it lacks tensile strength and hardness. But when alloyed with other elements, the proper-
ties can be controlled greatly. Out of the various alloying elements, carbon is the most important
because it is found in all the alloys of iron.

The maximum amount of carbon that can be alloyed with iron is 6. 67%. Alloys containing
up to 2% carbon are termed steels and above 2% are called cast irons. Besides carbon, these al-
loys also contain small amounts of manganese, sulphur, phosphorous and silicon. These are gen-
erally considered as impurities and hence need to be controlled. However, in certain conditions
some of these such as silicon are treated as alloying elements.

The properties of steel are influenced significantly by an increase in carbon content with a re-
sult that tensile strength is increased, greater hardness is obtained, ductility is decreased, and
weldability is decreased.

A point however to be noted is that in all steels even when alloyed with other alloying ele-
ments, the maximum hardness that can be obtained after heat treatment processes is basically a
function of the carbon content.

There are three classes of steels (plain carbon) :

Low, up to 0.30% C;

Medium, 0.30%~0.60% C;

High, 0.60%~1.70% C.

(1) Low Carbon Steel

This is generally known as soft or mild steel. It is used where ductility and softness are
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important and high tensile strength is not required. They are tough but not resistant to wear. As
they are soft, they can be very easily formed and later can be carburised to increase the hardness
and wear resistance,

Low carbon steels are used for such operations as spinning, cold bending, riveting, swaging,
etc. These are not responsive to normal heat treatment but for case hardening. They form the
largest percentage of steel produced because of being the cheapest engineering material, Products
such as screws, nails, nuts, bolts, washers, wire fences, light and heavy structural members,
machine parts, forged parts can be made from low carbon steel. It is also used for tin plate and

automobile body sheet. 1t is available in form of sheets, squares, rounds, plates, and wires.
(2) Medium Carbon Steel

They are less ductile but harder and have greater tensile strength than low carbon steels.
They also have better machining qualities and are more responsive to heat treatment.

They are widely used in the industry. Medium carbon steels are used for making shafts, con-
necting rods, spindles, rail axles, gears, turbine bucket wheels, steering arms and other machine

parts requiring medium strength and wear resisting surfaces.

(3) High Carbon Steel

They have higher tensile strength and are harder than other plain carbon steels. They also
readily respond to heat treatment. They are used for making hand tools such as wrenches,
chisels, punches, files, cutting tools such as drills, wood working tools, rail road wheels, rails,

bars for reinforcing of concrete, etc.

2) Effect of Small Quantities of Other Elements

In addition to carbon the plain carbon steels contain small quantities of other elements more
as impurities. They affect the properties in the following way.

Sulphur. Iron forms with sulphur, iron sulphide, FeS, which solidifies along the grain
boundaries making the steel brittle and lowers its hot working properties. If an equal amount of
manganese is present in the steel then manganese sulphide, MnS forms and the harmful effects of
sulphur are reduced. It is generally recommended that manganese should at least be three times
that of sulphur. However very small quantities (0. 075% ~ 0. 15%) that are generally present
contribute to better machinability.

Phosphorous. Phosphorous in small amounts increases the strength and hardness of steels.
Most of the steels contain a very small percentage of about 0.05% phosphorous.

Silicon. Silicon in very small amounts of the order of less than 0. 2% do not have any effect.
When it is between 0. 2% and 0. 4% , it raises the elastic limit and ultimate strength of the steel
without greatly reducing the ductility. More than this percentage will reduce the ductility.

The main limitations of plain carbon steels are:

Low hardenability;

L.oss of hardness during tempering;

Low strength at elevated temperature;

LLower resistance to corrosion and oxidation.
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2. Cast Irons

The ferrous alloys which have carbon contents of more than 2% are called cast irons.
Though cast irons can have any carbon percentage between 2 to 6. 67, the practical limit is nor-
mally between 2% and 4%. These are important mainly because of their excellent casting
qualities,

From the iron carbon equilibrium diagram (Figure 1. 2), it can be observed cast irons have
essentially cementite and ferrite. Because of the larger percentage of carbon, the amount of

cementite is high resulting in very high hardness and brittleness qualities for cast iron.
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Figure 1,2 The iron carbon equilibrium diagram

When cast iron is slowly cooled, the cementite decomposes into iron and carbon in the form
of graphite which is called graphitisation. Cast irons where a large percentage of cementite is
decomposed by graphitisation are called grey cast irons. Cast iron in which graphitisation has not
taken place, i. e. all the carbon is in the combined form, is called white cast iron. The graphitisa-
tion process requires time and, therefore, when liquid cast iron is cooled rapidly, white cast iron
would result. White cast iron is comparable in properties to that of high carbon steels. However,
it is highly brittle and as such is not used for structural parts. It is useful for parts where abrasive
wear is present, Tensile strength varies between 170 and 345 MPa and is usually about 240 MPa,

The hardness ranges from 350 to 500 BHN. In view of the very high hardness the machinability is

poor and is commonly finished by grinding.
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In the presence of graphitising elements such as nickel and silicon, iron carbide decomposes
as follows:

Fe,C —>3Fe+C

The decomposition is controlled by the graphitising agents as well as the cooling rate,

The dissociated carbon is in the form of graphite which is very soft and without any
strength. Thus it reduces the hardness and increases the machinability of cast iron. The shape of
graphite present in cast irons would greatly affect its strength. When it isin a flake like shape as
in grey cast iron, the graphite breaks up the continuity of iron and greatly weakens it. But it also
helps in absorbing vibrational energy, as a result of which grey cast iron is normally used for the
beds of machine tools. Grey cast iron is easily machinable and is the cheapest form of cast iron.
Because of its low melting temperature, higher fluidity and negligible shrinkage on cooling, it is
extensively used in casting processes.

The other form of cast iron is known as malleable iron in which free carbon is present in the
form of nodules in the matrix of cementite and ferrite. This is achieved by first chilling the cast-
ing so that all white cast iron Is formed, followed by a controlled heat treatment process so that
some of the cementite is transformed to ferrite and nodules of free carbon. This material 1s more
ductile than grey cast iron. This form is suitable only for components with very small section
thicknesses since all white cast iron is to form the starting point for malleable iron.

When graphite is present as small, round, and well distributed particles, its weakening
effect is small and such cast irons would have higher ductility. This type of cast iron is called duc-
tile or nodular iron or spheroidal graphite or simple SG iron. This form of graphite can be
achieved by adding element almagnesium or cerium or a combination of the two elements to mol-
ten cast iron, Magnesium is added in quantities of 0. 07% ~ 0.10% followed by the addition of
ferro-silicon to promote graphitisation. During solidification, magnesium helps in the distribution
of graphite throughout the metal.

Ductile iron has better strength to weight ratio, better machinability and higher impact
value. Moreover, the ductile iron components are produced by casting process wherein better
control of component shape can be achieved compared to drop forging. Thus many components
such as crank shafts and connecting rods manufactured usually by drop forging are increasingly

being replaced by ductile iron castings.
3. Other Alloying Elements

Steel is an alloy of iron. Normally, ferrous alloys containing only carbon as the alloying ele-
ment are called plain carbon steels or simple steels while those containing besides carbon, some
other alloying elements such as chromium are termed alloy steels. In fact, the definition given by
American Iron and Steel Institute (AISD is as follows:

“Steel is considered to be alloy steel when the maximum of the range given for the content of
alloying elements exceeds one or more of the following limits: manganese, 1. 65%; silicon.
0.60%; coppers 0.60%; or in which a definite range or a definite minimum quantity of any of the

following elements is specified or required within the limits of the recognised field of construction-
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al alloy steels: aluminium, boron, chromium up to 3. 99% , cobalt, columbium, molybdenum,
nickel, titanium, tungsten, vanadium, zirconium, or any other alloying element added to obtain a
desired alloying effect.”

The alloy steels are normally required when additional properties such as strength, ductility,
toughness or corrosion resistance are desirable in large measures. The various ways in which spe-
cial alloying elements are used to improve the properties of steels are:

To improve hardenabilitys

To improve mechanical properties at low or elevated temperatures;

To improve the corrosion and oxidation resistance;

To increase the machinability;

To increase the electrical and magnetic properties;

To increase resistance to softening on tempering;

To increase abrasion resistance;

To increase hardness of steels that cannot be quenched.

Since the microstructure essentially consists of ferrite and cementite, the mechanical proper-
ties can be controlled by changing either the properties of carbide and ferrite phases by the allo-
ying elements or by controlled dispersion of carbide in the ferrite matrix. The carbide phase pres-
ent in alloy steels is not pure iron carbide but a complex combination of iron and alloy carbides.
Some of the alloying elements act as austenite stabilisers. The austenite stabilisers lowers the
eutectoid temperature thereby expanding the temperature range in which austenite is stable,

The effect of alloying elements can also be described by means of the following empirical
relationships which show the critical temperatures in the iron— carbon equilibrium diagrams. Ac
refers to the boundary between austenite and pearlite, while Ac; refers to the temperature sepa-
rating austenite with austenite and cementite.

Ac,=723—10.7 Mn—16.9 Ni+29.1 Si+16.9 Cr+290 As+6.38 W
Ac, =910—203 vV/C—15.2 Ni+44.7 Si+104 V43L.5 Mo+13.1 W

Out of the various alloying elements, nickel, silicon and aluminium do not form any carbides
whereas manganese, chromium, tungsten, molybdenum, vanadium, titanium and niobium are
having increasing carbide stability in that order. When nitrogen is present, many of these carbide
formers form carbonitrides or nitrides which are highly abrasion resistant. The following 1s a
detailed account of the effect of individual alloying elements on the mechanical properties of alloy

steels.
(1) Manganese

This is the most common alloying element in all steels. It decreases the critical temperatures
appreciably and thus lets the steel oil harden. Also, it is a cheap way of increasing the hardenabil-
ity of steels. It forms a carbide Mn, C but its carbide forming tendency is the lowest of all alloying
elements. It counteracts the brittleness caused by sulphur in steels. Equal amounts of manganese
and sulphur in steel form manganese disulphide readily, which is evenly distributed in it. This

greatly improves the hot working characteristics and also the lubrication in machining ensuring
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good surface finish, Manganese in amounts 2% ~ 10% imparts brittleness to steel. The particu-
lar composition of 11% ~ 14 % manganese and 1% ~ 1.4% carbon has got a very high resistance
to wear and abrasion even under high impact stresses. With such large manganese content the
critical temperature is reduced and martensite could be obtained even with slow cooling during
quenching. Very rapid quenching allows for retained austenite thus giving it high ductility and
toughness. This is quite useful for service involving continuous impact loads but not suitable for

abrasive loads.

(2) Chromium

It is a strong carbide former and forms complex series of carbide compounds of chromium and
iron, It raises the critical temperature appreciably and thus resists tempering, It increases harden-
ability, wear resistance, corrosion and oxidation resistance. The primary use of chromium in

steels, thus, is because of its high hardness and corrosion resistance.

(3) Nickel

Nickel is not a carbide former but strengthens and toughens the ferrite phase. It reduces the
critical cooling rate required for quenching and therefore they can be very easily heat treated. It
increases the tensile strength without appreciable decrease in elongation and decrease in area. In
many ways its effect on properties is similar to manganese. In combination with chromium, it
provides high elastic ratios, greater hardenability, higher impact and fatigue resistance.

(4) Tungsten

It is a very strong carbide former and forms abrasive resistant particles in tool steels. At lar-
ger percentages it improves hot hardness and hot strength and as such are useful in cutting and
hot working tools. It is not softened by tempering. In tungsten steels much higher tempering
temperatures may be employed with less loss in hardness with reduction in internal strains com-

pared to plain carbon steels.

(5) Molybdenum

It greatly increases the hardenability. It is also a strong carbide former. It increases the hot
hardness and hot strength when used in combination with chromium and vanadium. Since molyb-
denum is cheaper than tungsten, it is replacing tungsten to a great extent in tool steels. It raises
the critical temperature for tempering and so does not soften even at a higher temperature. The
typical amounts present are 0. 15% ~ 0. 50% molybdenum in general tool steels. The main prob-
lem with molybdenum is the promotion of skin decarburisation which is to be properly accounted

for during heat treatment.
(6) Vanadium

It is a strong carbide former. It also increases the hardenability and has the secondary hard-
ening effect upon tempering. Grain growth tendency at heat treating temperatures is minimised.
Vanadium steels have a much finer structure than steels without vanadium. It increases hardness

at elevated temperatures,.
(7) Silicon

It slightly increases the hardenability. It sustains hardness during tempering. One of the im-
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portant uses of silicon is as a deoxidiser in molten steel and for its ability to resist oxidation in
steel. In large quantities above 2. 5%, it increases the strength of ferrite phase without affecting
its ductility. But at this percentage it develops poor machinability and is susceptible to decarburi-
sation. Silicon increases the electrical resistivity of iron thus reducing eddy current effects with
alternating current. Thus silicon steels are used extensively for electrical applications. Silicon
steels can be easily magnetized in a direction parallel to their crystallographic cubic edge. By a
careful combination of rolling and annealing, it is possible to align the grains in the desired
direction, thus silicon steels are also used for magnetic applications.

(8) Aluminium

It is primarily used as a deoxidiser in steels. It is most effective in inhibiting grain growth. In
those steels which are to be nitrided, aluminium provides an extremely high hardness of the

nitrided case due to the {formation of hard and stable aluminium nitride compound.

(9) Titanium

It has the highest carbide forming tendency of all the alloying elements, It has no effect on
hardenability. It is a good deoxidiser and inhibits grain growth. Because of its strong carbide
forming tendencies, medium carbon steels do not quench to harden.

(10> Niobium

Also called columbium, it reduces the hardenability and increases the ductility slightly which
results in a marked increase in impact strength, It imparts a fine grain structure to steels and
retards softening during tempering.

(11) Cobalt

It decreases the hardenability. Cobalt strengthens ferrite when dissolved in it and resists sof-

tening under elevated temperatures. It promotes skin decarburisation.
I. Non-Ferrous Materials

Ferrous materials are extensively used in engineering industry because of their superior and
range of mechanical properties and lower costs. Still non-ferrous materials are also used in various
applications for their specific properties compared to ferrous alloys in spite of their generally high
cost. Desired mechanical properties can be obtained in these alloys by work hardening, age hard-
ening, etc. but not through normal heat treatment processes used for ferrous alloys. Some of the

principal non-ferrous materials of interest are aluminium, copper, zinc, and magnesium.

1. Aluminium

Of all non-ferrous alloys, aluminium and its alloys are the most important because of their
excellent properties. Some of the properties of pure aluminium for which it is used in engineering
industry are;

(a) Excellent thermal conductivity (0.53 °C » cal/cm).

(b) Excellent electrical conductivity (376 600 ochm/cm).
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(¢) Low mass density (2,7 g/cm®).

(d) Low melting point (658 “C).

(e) Excellent corrosion resistance. Aluminium in fact has greater affinity towards oxygen.
As a result, when aluminium is exposed to air, the outer surface readily gets oxidised forming
aluminium oxide. This oxide skin has a good bond with the parent metal and thus protects it from
further oxidation,

(f) That it is non-toxic.

(g) That it has got one of the highest reflectivities (85% ~ 95%) and very low emissivity
4% ~ 5%).

(h) That it is very soft and ductile as a result of which it has got very good manufacturing
properties.

Some of the applications where pure aluminium is generally used are in electrical conductors,
radiator fin material, air conditioning units, optical and light reflectors, foil and packaging
material.

In spite of the above useful applications, pure aluminium is not widely used because of the
following problems:

(a) Tt has got low tensile strength (65 MPa) and hardness (20 BHN).

(b) 1t i1s very difficult to weld or solder.

The mechanical properties of aluminium can be substantially improved by alloying. The prin-
cipal alloying elements used are copper, manganese, silicon, nickel and zinc.

Aluminium and copper form the chemical compound CuAl,. Above a temperature of 548 C it
is dissolved completely in liquid aluminium. When this is quenched and artificially aged (pro-
longed holding at 100 ~150 °C) a hardened alloy is obtained. The CuAl, which is not aged do not
have time to precipitate from the solid solution of aluminium and copper and thus is in an unstable
position (super saturated at room temperature). The ageing process precipitates very fine parti-
cles of CuAl, which causes the strengthening of the alloy. This process is called solution harden-
ing.

The other alloying elements used are magnesium up to 7% , manganese up to 1, 5%, silicon
up to 13%, nickel up to 2%, zinc up to 5% and iron up to 1. 5%. Besides these, titanium, chro-

mium and columbium may also be added in small percentages.

2. Copper

Similar to aluminium, pure copper also finds wide application because of its following
properties:

(a) The electrical conductivity of pure copper is high (5. 8X 10> ohm/cm) in its purest form.
Any small impurity brings down the conductivity drastically. For example, 0. 1% phosphorous
reduces the conductivity by 40%.

(b) It has a very high thermal conductivity (0.92 °C « cal/cm).
(c) It is a heavy metal (specific gravity 8. 93).
(d) It can readily be joined together by brazing.
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(e) It resists corrosion.

(f) 1t has got a pleasing colour,

Pure copper is used in manufacture of electrical wire, bus bars, transmission cables,
refrigerator tubing and piping.

The mechanical properties of copper in its purest state are not very good. It is soft and rela-
tively weak. It can be alloyed profitably to improve the mechanical properties. The main alloying
elements used are zinc, tin, lead and phosphorous.

The alloys of copper and zinc are called brasses. With a zinc content up to 39%, copper
forms a single phase (o-phase) structure. Such alloys have high ductility. The colour of the alloy
remains red up to a zinc content of 20%, but beyond that it becomes yellow. A second structural
component called B-phase appears between 39% and 46 % of zinc. It is actually the inter-metallic
compound CuZn which is responsible for the increased hardness. The strength of brass gets fur-
ther increased when small amounts of manganese and nickel are added.

The alloys of copper with tin are called bronzes. The hardness and strength of bronze
increase with the increase in tin content. The ductility is also reduced with the increase in tin per-
centage above 5. When aluminium is also added (4% ~ 11%) the resulting alloy is termed as
aluminium bronze, which has a considerably higher corrosion resistance. Bronzes are compara-

tively costly compared to brasses due to the presence of tin which is an expensive metal.
3. Zinc

Zinc is principally used in engineering because of its low melting temperature (419.4 C) and
higher corrosion resistance, which increases with the purity of zinc. The corrosion resistance is
caused by the formation of a protective oxide coating on the surface. Principal applications of zinc
are in galvanising to protect steel from corrosion, in printing industry and for die casting.

The disadvantages of zinc are the strong anisotropy exhibited under deformed conditions,
lack of dimensional stability under ageing conditions, a reduction in impact strength at lower tem-
peratures and the susceptibility to inter-granular corrosion. It cannot be used for service above a
temperature of 95 °C because it will cause substantial reduction in tensile strength and hardness.

Its widespread use in die castings is because it requires lower pressure, which results in
higher die life compared to other die-casting alloys. Further, it has very good machinability. The
finish obtained by zinc die casting is often adequate to warrant any further processing, except for

the removal of the flash present in the parting plane.
4. Magnesium

Because of their light weight and good mechanical strength, magnesium alloys are used in
applications where the weight is important, for example, in aerospace industries and in applica-
tions involving very high speeds. For the same stiffness, magnesium alloys require only 37. 2% of
the weight of C25 steel, thus saving in weight. The two principal alloying elements used are alu-
minium and zinc. Magnesium alloys can be sand cast, permanent mould cast or die cast. The

properties of magnesium as cast components are comparable with each of these processes. The
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die-casting alloys generally have high copper content so as to allow them to be made from the
secondary metals to reduce the costs. They are used for making automobile wheels, crank cases,
etc. Higher the content, higher is the mechanical strength of magnesium wrought alloys such as
rolled and forged components. Magnesium alloys can be readily welded by most of the traditional
welding processes. A very useful property of magnesium alloys is their high machinability. They

only require about 15% of power for machining compared to low carbon steel.
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Unit 2

Engineering Properties and Their

Measurements

Manufacturing of a component is normally influenced by the mechanical and thermal properties of
the work material. Also, the mechanical properties are affected by the manufacturing process employed.
Either way the knowledge of mechanical properties of engineering materials is important to a manufactur-
ing engineer. In this unit, some of the mechanical properties which are influential in or are influenced by

the manufacturing processes and their measurement are discussed.
1. Strength

The resistance offered by a material on application of external force is called strength.
Depending on the type of load applied, the strength could be tensile, compressive or shear. By
application of load, the material is elastically deformed, which is called strain. It can be defined

a8s;

__chance in dimension
original dimension

Strain

The resistance offered by the material is also referred to as stress which can then be defined as:

applied load

Stress= - .
area of cross section opposing the load

The deformation caused in a material is of two types, elastic and plastic. Elastic deformation is that
part of the deformed material which when the applied load is removed, would spring back to its normal
shape. Plastic deformation is on the other hand, permanently set in a material and cannot be regained.

Tensile strength is measured by a tensile test carried out on a universal testing machine. This
involves the preparation of a test specimen as per standard shown in Figure 2. 1. The standard

specimen is cylindrical in cross section with a diameter, d. The gauge length L is given by

L=5.65+/d
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Figure 2.1  Standard test specimen for tensile test

Then a uniformly increasing tensile load is applied on the specimen. As the load increases the

specimen initially gets elastically elongated. On further elongation, the specimen starts necking at



