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MODULE-I 
 
Classification Of Engineering Materials, And Their Properties: 

Material classification: 

There are different ways of classifying materials. One way is to describe five groups or 
families (Table 1-1): 



Engineering Materials are classified into mainly; 

1. Metals and alloy 
2. Ceramics materials 
3. Polymers materials 
4. Composite 
materials 

Metals and Alloys: 
Metals and alloys include steels, aluminum, magnesium, zinc, cast iron, titanium, copper, and 
nickel. An alloy is a metal that contains additions of one or more metals or non-metals. In 
general, metals have good electrical and thermal conductivity. Metals and alloys have 
relatively high strength, high stiffness, ductility or formability, and shock resistance. They 
are particularly useful for structural or load-bearing applications. Although pure metals are 
occasionally used, alloys provide improvement in a particular desirable property or permit 
better combinations of properties. 

 
Ceramics materials: 
Ceramics can be defined as inorganic crystalline materials. Beach sand and rocks are examples 
of naturally occurring ceramics. Advanced ceramics are materials made by refining naturally 
occurring ceramics and other special processes. Advanced ceramics are used in substrates 
that house computer chips, sensors and capacitors, wireless communications, inductors, and 
electrical insulation. Some ceramics are used as barrier coatings to protect metallic substrates 
in turbine engines. Ceramics are also used in such consumer products as paints, and tires, and 
for industrial applications such as the tiles for the space shuttle. Traditional ceramics are 
used to make bricks, tableware, toilets, bathroom sinks, refractories (heat-resistant 
material), and abrasives. In general, due to the presence of porosity (small holes), ceramics 
do not conduct heat well; they must be heated to very high temperatures before melting. 
Ceramics are strong and hard, but also very brittle. We normally prepare fine powders of 
ceramics and convert these into different shapes. New processing techniques make ceramics 
sufficiently resistant to fracture that they can be used in load-bearing applications, such as 
impellers in turbine engines. Ceramics have exceptional strength under compression. 
 
Polymers: 
Polymers are typically organic materials. They are produced using a process known as 
polymerization. Polymeric materials include rubber (elastomers) and many types of adhesives. 
Polymers typically are good electrical and thermal insulators although there are exceptions 
such as the semiconducting polymers. Although they have lower strength, polymers have a very 
good strength-to-weight ratio. They are typically not suitable for use at high temperatures. Many 
polymers have very good resistance to corrosive chemicals. Polymers have thousands of 
applications ranging from bulletproof vests, compact disks, ropes, and liquid crystal displays 
(LCDs) to clothes and coffee cups. Thermoplastic polymers, in which the long molecular chains 
are not rigidly connected, have good ductility and formability; thermosetting polymers are 
stronger but more brittle because the molecular chains are tightly linked (Figure 1). Polymers 
are used in many applications, including electronic devices. Thermoplastics are made by 
shaping their molten form. Thermosets are typically cast into molds. Plastics contain additives 
that enhance the properties of polymers. 



Composite Materials: 
The main idea in developing composites is to blend the properties of different materials. These 
are formed from two or more materials, producing properties not found in any single 
material. Concrete, plywood, and fiberglass are examples of composite materials. Fiberglass is 
made by dispersing glass fibers in a polymer matrix. The glass fibers make the polymer stiffer, 
without significantly increasing its density. With composites, we can produce lightweight, 
strong, ductile, temperature-resistant materials or we can produce hard, yet shock-resistant, 
cutting tools that would otherwise shatter. Advanced aircraft and aerospace vehicles rely 
heavily on composites such as carbon fiber-reinforced polymers (Figure 2). Sports 
equipment such as bicycles, golf clubs, tennis rackets, and the like also make use of different 
kinds of composite materials that are light and stiff.  

 

 

 

Figure. Polymerization occurs when small molecules, represented by the circles, combine to produce 
larger molecules or polymers. The polymer molecules can have a structure that consists of many chains 

that are entangled but not connected (thermoplastics) 

Figure 1 The X-wing for advanced helicopters relies on a material composed of a carbon fiber 
reinforced polymer. (Courtesy of Sikorsky Aircraft Division – United Technologies Corporation). 



Engineering Material properties: 

So, what are these properties? Some, like density (mass per unit volume) and price (the 
cost per unit volume or weight), are familiar enough, but others are not, and getting them 
straight is essential. Think first of those that have to do with carrying load safely—the 
mechanical properties. 

 
Mechanical properties 

A steel ruler is easy to bend elastically ‘Elastic’ means that it springs back when released. Its 
elastic stiffness (here, resistance to bending) is set partly by its shape—thin strips are easy 
to bend—and partly by a property of the steel itself: their elastic moduli, E. Materials with 
high E, like steel, are intrinsically stiff; those with low E, like 

polyethylene, are not. The steel ruler bends 
elastically, but if it is a good one, it is hard to give it 
a permanent bend. Permanent deformation has to 
do with strength, not stiffness. The ease with which 
a ruler can be permanently bent depends, again, on 
its shape and a different property of the steel—its 
yield strength, σy. Materials with large σy, like 
titanium alloys, are hard to deform permanently 
even though their stiffness, coming from E, may not 
be high; those with low σy, like lead, can be 
deformed with ease. 
When metals deform, they 

generally, get stronger (this is called ‘work 
hardening’), but there is an ultimate limit, called 
the tensile strength, σts, beyond which the material 
fails (the amount it stretches before it breaks is 
called the ductility). So far so good. One more. If 
the ruler were made not of steel but of glass or of 
PMMA (Plexiglas, Perspex), as transparent rulers 
are, it is not possible to bend it permanently at all. 
The ruler will fracture suddenly, without warning, 
before it acquires a permanent bend. We think of 
materials that break in this way as brittle and 
materials that are not as tough. There is no 
permanent deformation here, so σy is not the right 
property. The resistance of materials to cracking 
and fracture is measured instead by the fracture 
toughness, K1c. Steels are tough—well, most are 
(steels can be made brittle)—they have a high K1c. 
Glass epitomizes brittleness; it has a very low K1c. 
suggesting consequences of inadequate fracture 
and toughness. We started with the material 
property density, mass per unit volume, symbol ρ. 
Density, in a ruler, is irrelevant. But for almost 
anything that moves, weight carries a fuel penalty, 
modest for automobiles, greater for trucks and  



trains, greater still for aircraft, and enormous in space vehicles. Minimizing weight has 
much to do with clever design is equal to choosing of material. Aluminum has a low density, 
lead a high one. If our little aircraft were made of lead, it would never get off the ground at 
all. This is not the only mechanical properties, but they are the most important ones. 

 
Thermal properties 

The properties of a material change with temperature, usually for the worse. Its strength 
falls, it starts to ‘creep’ (to sag slowly over time), and it may oxidize, degrade, or 
decompose. This means that there is a limiting temperature called the maximum service 
temperature, Tmax, above which its use is impractical. Stainless steel has a high Tmax—it 
can be used up to 800°C; most polymers have a low Tmax and are seldom used above 
150°C. 

Most materials expand when they are heated but by differing amounts depending on 
their thermal expansion coefficient, α. The expansion is small, but its consequences can 
be large. If, for instance, a rod is constrained and then heated, expansion forces the rod 
against the constraints, causing it to buckle. Railroad track buckles in this way if provision 
is not made to cope with it. Some materials—metals, for instance—feel cold; others—like 
woods—feel warm. This feel has to do with two thermal properties of the material: thermal 
conductivity and heat capacity. The first, thermal conductivity, λ, measures the rate at 
which heat flows through the material when one side is hot and the other cold. Materials 
with high λ are what you want if you wish to conduct heat from one place to another, as in 
cooking pans, radiators, and heat exchangers; this suggests the consequences of high and 
low λ for the cooking vessel. But low λ is useful too—low λ materials insulate homes, 
reduce the energy consumption of refrigerators and freezers, and enable space vehicles to 
re-enter the earth’s atmosphere. These applications have to do with long-time, steady, heat 
flow. When time is limited, that other property—heat capacity, Cp—matters. It measures 
the amount of heat that it takes to make the temperature of the material rise by a given 
amount. High-heat capacity materials—copper, for instance—require a lot of heat to 
change their temperature; low-heat capacity materials, like polymer foams, take much less. 

 



Electrical, magnetic and optical properties 
We start with electrical conduction and insulation. Without electrical conduction, we 
would lack the easy access to light, heat, power, control, and communication that today 
we take for granted. Metals conduct well copper and aluminum are the best of those that 
are affordable. But conduction is not always a good thing. Fuse boxes, and switch casings, 
all require insulators. Here the property we want is resistivity, ρe, the inverse of electrical 
conductivity κe. Most plastics and glass have high resistivity they are used as insulators 
though, by special treatment, they can be made to conduct a little. Electricity and 
magnetism are closely linked. Electric currents induce magnetic fields; a moving magnet 
induces, in any nearby conductor, an electric current. The response of most materials to 
magnetic fields is too small to be of practical value. But a few called ferromagnets can trap 
a magnetic field permanently. These are called ‘hard’ magnetic materials because, once 
magnetized, they are hard to demagnetize. They are used as permanent magnets in 
headphones, motors, and dynamos. Here the 
key property is the remanence, a measure of the 
intensity of the retained magnetism. few others 
‘soft Magnet materials are easy to’ magnetize 
and demagnetize. They are the materials of 
transformer cores. They can conduct a 
magnetic field, but not retain it permanently. 
For these, a key property is saturation 
magnetization, which measures how large a 
field the material can conduct. Materials 
respond to light as well as to electricity and 
magnetism—hardly surprising, since light 
itself is an electromagnetic wave. Opaque 
materials reflect light; those that are transparent 
refract it, and some can absorb some 
wavelengths (colors) while allowing others to 
pass freely. 

 
Chemical properties 

Products often have to function in hostile 
environments, exposed to corrosive fluids, to 
hot gases or to radiation. Damp air is 
corrosive, so is water; the sweat of your hand 
is particularly corrosive, and of course, there 
are far more aggressive environments than 
these. If the product is to survive for its design 
life it must be made of materials or at least 
coated with materials that can tolerate the 
surroundings in which they operate. Figure 
2.6 illustrates some of the commonest of 
these: fresh and salt water, acids and alkalis, 
organic solvents, oxidizing flames and 
ultraviolet radiation. We regard the intrinsic 
resistance of a material to each of these as 
material properties, measured on a scale of 1 
(very poor) to 5 (very good). 



Interatomic bonding in materials 

Matter can exist in three states and as atoms change directly from either the gaseous 
state (desublimation) or the liquid state (solidification) to the usually denser solid 
state, the atoms form aggregates in three-dimensional space. Bonding forces develop 
as atoms are brought into proximity to each other. Sometimes these forces are spatially 
directed. The nature of the bonding forces has a direct effect on the type of solid 
structure that develops and therefore upon the physical properties of the material. The 
melting point provides a useful indication of the amount of thermal energy needed to 
sever these inter-atomic (or inter-ionic) bonds. Thus, some solids melt at relatively 
low temperatures (m.p. of tin D 232℃) whereas many ceramics melt at extremely 
high temperatures (m.p. of alumina exceeds 2000℃). 

There are four principal types of bonding in materials follows: - 

1. Metallic bonding 

2. Ionic bonding 

3. Covalent bonding 

4. Van der Waals bonding. 

However, in many solid materials, it is possible for bonding to be mixed, or even 
intermediate. We will first consider the general chemical features of each type of 
bonding. As we have seen, the elements with the most pronounced metallic 
characteristics are grouped on the left-hand side of the Periodic Table. In general, they 
have a few valence electrons, outside the outermost closed shell, which are relatively 
easy to detach. In a metal, each ‘free’ valency electron is shared among all atoms, 
rather than associated with an individual atom, and forms part of the so- called 
‘electron gas’ which circulates at random among the regular array of positively-
charged electron cores, or cation.      

Application of an electric potential gradient will cause the ‘gas’ to drift through the 
structure with little hindrance, thus explaining the outstanding electrical conductivity 
of the metallic state. The metallic bond derives from the attraction between the cations 
and the free electrons and, as would be expected, repulsive components of force 
develop when cations are brought into proximity. However, the bonding forces in 
metallic structures are spatially non-directed and we can readily simulate the packing 
and space filling characteristics of the atoms with modeling systems based on equal-
sized spheres (polystyrene balls, even soap bubbles). 

Other properties such as ductility, thermal conductivity, and the transmittance of 
electromagnetic radiation are also directly influenced by the non- directionality and 
high electron mobility of the metallic bond. 

The ionic bond develops when electron(s) are transferred from atoms of active 
metallic elements to atoms of active non-metallic elements, thereby enabling each of 
the resultant ions to attain a stable closed shell. For example, the ionic structure of 
magnesia (MgO), a ceramic oxide, forms when each magnesium atom 



Z D 12 loses two electrons from its L-shell n D 2 and these electrons are acquired by 
an oxygen atom Z D 8, producing a stable octet configuration in its L-shell. Overall, 
the ionic charges balance and the structure is electrically neutral. Anions are usually 
larger than cations. Ionic bonding is unidirectional, essentially electrostatic, and can 
be extremely strong; for instance, magnesia is a very useful refractory oxide m.p. D 
2930℃. At low to moderate temperatures, such structures are electrical insulators but, 
typically, become conductive at high temperatures when thermal agitation of the ions 
increases their mobility. The sharing of valence electrons is the key feature of the third 
type of strong primary bonding.

Figure. Schematic representation of (a) metallic bonding, (b) ionic bonding, 
(c) covalent bonding, and (d) van der Waals bonding. 



 

Covalent bonds form when valence electrons of opposite spin from adjacent atoms can pair within overlapping 
spatially-directed orbitals, thereby enabling each atom to attain a stable electronic configuration. Being oriented 
in three-dimensional space, these localized bonds are unlike metallic and ionic bonds. Furthermore, the electrons 
participating in the bonds are tightly bound so that covalent solids, in general, have expansion and very high 
melting point 3300℃ bear witness to the inherent strength of the covalent bond. First, using the (8 – N) Rule, in 
which N is the Group Number1 in the Periodic Table, we deduce that carbon (Z = 6) is tetravalent that is, four 
bond-forming electrons are available from the L-shell (n = 2). Following Hund’s Rule, one of the two electrons 
in the 2s-state is promoted to a higher 2p-state to give a maximum spin condition, producing an overall 
configuration of 1s2 2s1 2p3 in the carbon atom. The outermost second shell accordingly paired. Thus, each 
carbon atom can establish electron sharing orbitals with four neighbors. For a given atom, these four bonds are 
of equal strength and are set at equal angles 109.50 to each other and therefore exhibit tetrahedral symmetry. 
This process by which s-orbitals and p-orbitals combine to form projecting hybrid sp-orbitals is known as 
hybridization. It is observed in elements other than carbon. For instance, trivalent boron (Z = 5) forms three co-
planar sp2-orbitals. In general, a large degree of overlap of sp-orbitals and/or a high electron density within the 
overlap ‘cloud’ will lead to an increase in the strength of the covalent bond. As indicated earlier, it is possible 
for a material to possess more than one type of bonding. 

The final type of bonding is attributed to the Vander Waals forces which develop when adjacent atoms, or groups 
of atoms, act as electric dipoles. Suppose that two atoms which differ greatly in size combine to form a molecule 
as a result of covalent bonding. The resultant electron ‘cloud’ for the whole molecule can be pictured as pear-
shaped and will have an asymmetrical distribution of electron charge. An electric dipole has formed and it 
follows that weak directed forces of electrostatic attraction can exist in an aggregate of such molecules. There 
are no ‘free’ electrons hence electrical conduction is not favored. Although secondary bonding by Vander Waals 
forces is weak in comparison to the three forms of primary bonding, it has practical significance. In thermoplastic 
polymers, van der Waals forces of attraction exist between the extended covalently-bonded hydrocarbon chains; 
a combination of heat and applied shear stress will overcome these forces and cause the molecular chains to 
glide past each other. To quote a more general case, molecules of water vapor in the atmosphere each have an 
electric dipole and will accordingly tend to be adsorbed if they strike solid surfaces possessing attractive van der 
Waals forces (e.g. silica gel). 

 

 
 
 
 

Figure. Application of Hund’s multiplicity rule to the electron-filling of energy states. 



 

 
Crystal Structure of Metals 

 

 
 
Introduction 

Solid materials may be classified according to the regularity with which atoms or ions are arranged for one another. 
A crystalline material: is one in which the atoms are situated in a repeating or periodic array over large atomic 
distances; that is, long-range order exists, such that upon solidification, the atoms will position themselves in 
a repetitive three-dimensional pattern, in which each atom is bonded to its nearest-neighbor atoms. All metals, 
many ceramic materials, and certain polymers form crystalline structures under normal solidification 
conditions. For those that do not crystallize, this long-range atomic order is absent; these non-crystalline or 
amorphous materials. For example (glass) and some of complex metallic materials. Some of the properties of 
crystalline solids depend on the crystal structure of the material lattice Space and Unit Cell: When describing 
crystalline structures, atoms (or ions) are thought



 

of as being solid spheres having well-defined diameters. This is termed the atomic hard sphere model in which 
spheres representing nearest-neighbor atoms touch one another. An example of the hard sphere model for the 
atomic arrangement found in some of the common elemental metals is displayed in Figure. In this particular 
case, all the atoms are identical. Sometimes the term lattice is used in the context of crystal structures; in this sense 
“lattice” means a three-dimensional array of points coinciding with atom positions (or sphere centers). The unit 
cell: The atomic order in crystalline solids indicates that small groups of atoms form a repetitive pattern. Thus, 
in describing crystal structures, it is often convenient to subdivide the structure into small repeat entities called 
unit cells. Is the basic structural unit or building block of the crystal structure and defines the crystal structure by 
its geometry and the atom positions within. There are 14 types of crystal structures in various engineering materials 
as shown in the figure. The important crystal structures among all of them are the body-centered cubic structure 
(BCC). The face-centered cubic structure (FCC). Hexagonal close-packed structure (HCP). 
 
 

 



 

 
 
 
 
 

 
 
 
 

Figure: Types of Crystal structure of materials 



 

The Face-Centered Cubic Crystal Structure 
The crystal structure found for many metals has a unit cell of cubic geometry, with atoms located at each of the 
corners and the centers of all the cube faces. It is called the face-centered cubic (FCC) crystal structure. Some of 
the familiar metals having this crystal structure are copper, aluminum, silver, and gold. The mechanical properties 
of FCC are Low young modulus Low yield strength hardness good ductility and high ability for forming. Figure 
2.3a shows a hard sphere model for the FCC unit cell, whereas in Figure 2.3b the atom centers are represented by 
small circles to provide a better perspective of atom positions. The aggregate of atoms in Figure 2.3c represents 
a section of crystal consisting of many FCC unit cells. These spheres or ion cores touch one another across a face 
diagonal; the cube edge length a and the atomic radius R are related through the FCC crystal structure, each corner 
atom is shared among eight-unit cells, whereas a face-centered atom belongs to only two. Therefore, one-eighth of 
each of the eight corner atoms and one-half of each of the six face atoms, or a total of four whole atoms, may be 
assigned to a given unit cell. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure: (a) Hard sphere model of FCC, (b) reduced sphere unit cell, and (c) crystal consists of many 
FCC unit cells. 
 
 

Two other important characteristics of a crystal structure are the coordination number and the atomic packing 
factor (APF). For metals, each atom has the same number of nearest-neighbor or touching atoms, which is the 
coordination number. For face-centered cubic, the coordination number is 12. This may be confirmed by 
examination of Figure, the front face atom has four corner nearest-neighbor atoms surrounding it, four face 
atoms that are in contact from behind, and four other equivalent face atoms residing in the next unit cell to the 
front, which is not shown. The APF is the sum of the sphere v o l u m e s o f a l l a t o m s w i t h in 
a unit cell (assuming  the atomic hard sphere model) divided by the unit cell volume—that is 



 

 
For the FCC structure, the atomic packing factor is 0.74, which is the maximum packing for spheres all having the 
same: Another common metallic crystal structure also has a cubic unit cell with atoms located at all eight corners 
and a single atom at the cube center. This is called a body-centered cubic (BCC) crystal structure. A collection of 
spheres depicting this crystal structure is shown in Figure c, whereas Figures a and b are diagrams of BCC unit 
cells with the atoms represented by hard sphere and reduced-sphere models respectively. Chromium, iron, and 
tungsten are listed through BCC structure in Figure: a. Hard sphere model of BCC, b. reduced sphere unit cell, and 
c. crystal consists of many BCC unit cells. Center and corner atoms touch one another along cube diagonals, and 
unit cell length and atomic radius R are related through atoms associated with each BCC unit cell: the equivalent 
of one atom from the eight corners, each of which is shared among eight-unit cells, and the single center atom, 
which is wholly contained within its cell. The coordination number for the BCC crystal structure is 8; each center 
atom has as nearest neighbors its eight corner atoms as shown in the figure below. Since the coordination number 
is less for BCC than FCC, so also is the atomic packing factor for BCC lower than 0.68 versus 0.74 
 



  

 
 
Hexagonal Close-Packed Crystal Structure Not all metals have unit cells with cubic symmetry; the final common 
metallic crystal structure to be discussed has a hexagonal unit cell. Figure 2.5a shows a reduced-sphere unit cell 
for this structure, which is termed hexagonal close-packed (HCP); an assemblage of several HCP unit cells is 
presented. 

 
 

Figure: (a) reduced-sphere unit cell and (b) an aggregate of many atoms 
 
The top and bottom faces of the unit cell consist of six atoms that form regular hexagons and surround a single 
atom in the center. Another plane that provides three additional atoms to the unit cell is situated between the top 
and bottom planes. The atoms in this midplane have as nearest neighbors atoms in both of the adjacent 
two planes. The equivalent of six atoms is contained in each unit cell; one-sixth of each of the 12 top and bottom 
face corner atoms, one-half of each of the 2 center face atoms, and all 3 midplane interior atoms. The coordination 
number and the atomic packing factor for the hcp crystal structure are the same as for FCC: 12 and 0.74, 
respectively. see the figure below. unit cell length a and atomic radius R are related through HCP metals including 
cadmium, magnesium, titanium, and zinc. 
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DENSITY COMPUTATIONS 
A knowledge of the crystal structure of a metallic solid permits computation of its theoretical density through the 
relationship 

Where: 
NA: Avogadro’s number (6.023 × 1023 atoms/mol) 
VC: volume of the unit cell 
A: atomic weight 
n: number of atoms associated with each unit cell 
 
 



 

 

 
 
 
 
 
 
 
 



 

 
 
 
 
 

 



 

Crystallographic Directions: 

A crystallographic direction is defined a line between two points, or a vector. 

The following steps are utilized in the determination of the three directional indices:1. A vector of convenient 
length is positioned such that it passes through the origin of the coordinate system. Any vector may be translated 
throughout the crystal lattice without alteration if parallelism is maintained.2. The length of the vector 
projection on each of the three axes is determined; these are measured in terms of the unit cell dimensions a, b, and 
c.3. These three numbers are multiplied or divided by a common factor to reduce them to the smallest integer 
values.4. The three indices, not separated by commas, are enclosed in square brackets, thus: [uvw]. The u, v, 
and w integers correspond to the reduced projections along the x, y, and z axes, respectively. For each of the 
three axes, there will exist both positive and negative coordinates. Thus, negative indices are also possible, 
which are represented by a bar over the appropriate index. For example, the [111] direction would have a 
component in the (- y) direction. Also, changing the signs of all indices produces an antiparallel direction; 
that is, [111] is directly opposite to [111]. The [100], [110], and [111] directions are common ones they are 
drawn in the unit cell shown in  Figure 

 



 

 
 
 

 
 



 

 

Crystallographic Planes 
The orientations of planes for a crystal structure are represented in a similar manner. Miller indices are specified by 
three Miller indices as (hkl). Any two planes parallel to each other are equivalent and have identical indices. The 
procedure employed in determination of the h, k, and l index numbers is as follows:1. The crystallographic 
plane either intersects or parallels each of the three axes; the length of the planar intercept for each axis is 
determined in terms of the lattice parameters a, b, and c.2. The reciprocals of these numbers are taken. A plane 
that parallels an axis may be considered to have an infinite intercept, and, therefore, a zero index.3. If necessary, 
these three numbers are changed to the set of smallest integers by multiplication or division by a common factor.4. 
Finally, the integer indices, not separated by commas, are enclosed within parentheses, thus: (hkl). An intercept on 
the negative side of the origin is i nd i c a t ed  by a bar or minus s ign pos i t i on ed  over  the appropr i a t e  
index .  : 

 



 

 
 
 

 



 

 

Liner and Planer Density 
Linear density (LD): is defined as the number of atoms per unit length whose centers on the 
direction vector for a specific crystallographic direction; that is, Of course, the units of linear 
density are reciprocal length (e.g., nm-1, m-1). 
Planar density (PD): is taken as the number of atoms per unit area that centered on particular 
crystallographic plan units for planar density are reciprocal area. 
 

 

 

Example: Determine the liner and planer density of the [110] direction for the FCC crystal structure. 
 
Solution: 
There are 2 atoms through the vector [110] can be seen from figure (b) and the length of this vector is 4R so the 
linear density is: 

 
     From the figure below: 

consider the section of a (110) plane within an FCC unit cell as; 
 

 
 

 
 
 
 



 

 

 
 
 

represented in Figures a and b. Although six atoms have centers that lie on this plane (Figure b), only one-quarter of 
each of atoms A, C, D, and F, and one-half of atoms B and E, for a total equivalence of just 2 atoms are on that plane. 
Furthermore, the area of this rectangular section is equal to the product of its length and width. From Figure b, the 
length (horizontal dimension) is equal to 4R, whereas the width (vertical dimension) is equal to 2R√2 Thus, 
the area of this planar region. 
 
 



 

 
 
 

 























































































































































































































Solidification of pure iron: 
 

 
 
Fig.2.17: Solidification of pure Iron 
 

Fig.2.17 is a typical cooling curve of pure iron. Solidification begins with nucleation and 

growth of crystals of iron at 1539°C. It is BCC (body centered cubic). At 1394°C it ransforms 

into FCC (face centered cubic) structure. This is stable till 910°C where it again transforms into 

BCC. Each of these transformations appears as steps on the cooling curve. Apart from this there 

is another transformation which may not get detected by thermal analysis. This is the 

transformation from paramagnetic to ferromagnetic state. It occurs at 770°C. This is known as its 

Curie temperature. The property which is most sensitive to detect it, is magnetic permeability. 

The three different forms of iron are known as ferrite ( ), stable until 910°C, austenite ( ), stable 

from 910° 1394°C and ferrite ( ), stable from1394° 1539°C. Note that the BCC form of iron is 

known as ferrite. Therefore in order to distinguish between the two, the high temperature form is 

termed as delta ferrite. If carbon atoms are introduced into iron 

these are likely to occupy the interstitial sites because the atoms carbon are much smaller than 

those of iron atoms. The interstitial sites in BCC and FCC are shown in Fig 2.18 The solubility 

of carbon in iron is a function of temperature and crystal structure. 



 

 
 
Fig.2.18: shows the lattice sites occupied by iron atoms 
 
 
 
 
Fig.2.18 shows the lattice sites occupied by iron atoms and possible interstitial sites for carbon 

atoms in both BCC & FCC structures. The interstitial sites shown here are known as octahedral 

sites. The sketches in Fig.2.18 show only the positions of iron atoms and the interstitial sites in 

one unit cell. The sites located within the cell belong exclusively to a unit cells but those lying on 

the faces, the edges or the corners are shared by the neighboring unit cells as well. BCC has eight 

corner sites for iron atoms. Each of these is shared by 8 neighboring unit cells. The contribution 

of corner site is thus 1/8. The atom at the centre 

belongs exclusively to this unit cell. Therefore the number of iron atoms / unit cell = 8 x (1/8) + 

1 = 2. Let us use the same approach to estimate the number of interstitial sites /unit cell for BCC 

structure. The sketch in Fig.2.18 shows the locations of interstitial sites. There are 6 sites at the 

centers of 6 faces. Each face is shared by two unit cells. There are 12 sites at each of the 12 

edges. Each of these is shared by 4 neighboring cells. Therefore the number of interstitial sites / 



unit cell in BCC crystal = 12 x (1/4) + 6 x (1/2) = 6. Note that it is 3 times the number of Fe 

atoms in a unit cell. Look at the sketch for FCC unit cell in Fig.2.18. Count the number of lattice 

sites. Follow the same approach to show that the number of Fe atoms / unit cell = 6 x (1/2) + 8 x 

(1/8) = 4. In the same way the number of interstitial sites / unit cell in FCC structure = 1 + 12 x 

(1/4) = 4. Note that in FCC structure the ratio of the number of interstitial site to the number of 

lattice sites = 1.  

 
Phases in iron  carbon binary system: 
 

Iron can exist in three different crystalline forms each having limited solubility of carbon. 

The stability of these depends on temperature and composition. The two high temperature forms 

of iron are  ferrite which is BCC (stable above 1394°C) and austenite ( stable above 910°C) 

which is FCC. The room temperature form of iron is  ferrite which is BCC. The solubility of 

carbon in ferrite is limited. The maximum solubility is around 0.025wt% as against this the 

solubility of carbon in austenite is a little more. It is about 2wt%. Apart from this iron carbon 

system may have iron carbide (Fe3C) called cementite. It has 6.67% carbon. It is considered as 

an inter metallic compound having relatively more complex crystal structure than those of ferrite 

and austenite. It is a meta stable phase. It may exist for indefinite periods of time at room 

temperature. However on prolonged thermal exposure at 600°C or beyond it transforms into 

ferrite and graphite. Therefore iron carbon alloys of commercial importance may be considered 

as a binary alloy of iron and cementite. Let us first look at its phase diagram. It is also known as 

iron cementite meta stable phase diagram. Although it is a binary system there are 5 different 

phases including the liquid. This is likely to have more than one invariant reaction involving 3 

phases. 

 



 
 
Fig.2.19: shows the Iron-Cementite phase diagram 
 
Fig.2.19 shows a schematic Fe Fe3C phase diagram. It has 3 invariant reactions (transformation). 

These are given below. The one occurring at 1495°C is the peritectic reaction. The delta ferrite 

reacts with liquid to form austenite. The one at 1148°C is known as the eutectic reaction where 

the liquid transforms into a mixture of austenite and cementite. The eutectic is known as 

Ledeburite. The one at 727°C is known as eutectoid transformation where austenite decomposes 

into a mixture of ferrite and cementite. This is known as Pearlite. On the basis of this diagram 

iron  carbon alloys having less than 2.0% carbon are 

known as steel, whereas those having more than 2.0% carbon are known as cast iron. This 

classification is based on their ability to undergo large plastic deformation. Steel is ductile but 

cast iron is brittle. 

 



 
 
Steel: 
 

It is an iron carbon alloy where most of the carbon is present as meta stable iron carbide 

called cementite. The upper limit of carbon content is 2%. Phase diagram helps us guess the 

structure of alloys and their properties. Let us look at what kinds of structure steel could have 

depending on its composition. We would only consider the structure that develops under 

equilibrium rate of cooling. The steel on solidification is expected to have fully austenitic 

structure. It may be assumed to be homogeneous since the rate of cooling is considered to be 

slow. Depending on its composition we may have 3 types of structures. 

 (i) % carbon < 0.02 (ii) 0.02 < % carbon < 0.8 (iii) 0.8 < % Carbon < 2.0. 

 

 
 
Fig.2.20: Shows the solidification behavior of steel having less than 0.02% carbon 
 
 
 



 
 
 

(i) Fig.2.20 explains the solidification behavior of steel having less than 0.02% carbon 

with the help of a set of schematic diagrams. The sketch on the left shows a part of the 

equilibrium diagram (Fe Fe3C) with the location of the alloy by a vertical dotted line. It 

intersects the liquidus, solidus, and a set of solvus curves. These are projected on to the cooling 

curve shown on the right with the help of a set of horizontal lines. The cooling curve exhibits 

inflection points at each of these intersections. Solidification begins with precipitation of a few 

grains of  ferrite. The top most microstructure corresponds to this stage. The solidification takes 

place by nucleation and growth. The composition of the liquid and the solid keeps changing 

during this stage. When solidification is complete the entire liquid is replaced by  ferrite having 

the same composition as that of the alloy. This is shown by the second schematic structure from 

the top in Fig.2.20. The structure remains unchanged until the temperature crosses the boundary 

between  /  phase fields. Thereafter austenite 

precipitates from  ferrite. The grain corners and boundaries are the preferred sites where 

grains of austenite nucleate. The third microstructure from the top in Fig.2.20 represents its 

main features. It consists of grains of  (white) and a few grains of  (grey). There is partition 

of carbon between these two phases. Bulk of the carbon goes into austenite. The composition of 

the two keeps changing as the temperature drops. The volume fraction of increases at the cost 

 ferrite disappears. The 

structure now consists of 100% austenite. Note the main features of the fourth microstructure 

from the top in Fig.2.20

as 100% austenite until the temperature drops below the line 

representing the boundary between  and  phase fields of the equilibrium diagram. This is 

where  ferrite starts precipitating from austenite. The grain boundaries and the grain corners are 

the preferred sites for precipitation. The fifth sketch from the top of Fig.2.20 is a typical 

representation of its microstructure at this stage. Ferrite grains are shown as white and austenite 

grains are shown as grey. This continues through nucleation of new grains and growth of the 

existing ones until the temperature drops below the line between   phase fields of the 

phase diagram. At this stage the structure is 100% ferrite ( ). The 6th sketch in Fig.2.20 is a typical 

representation of the microstructure. This remains unchanged till the temperature drops below 

the solvus. At this stage excess carbon precipitates as cementite. The last sketch in Fig.2.20 is a 



typical representation of its microstructure. The amount of cementite keeps increasing as the 

room temperature drops. It can be estimated by lever rule. From the phase diagram it is evident 

that the steel at room temperature would consist of ferrite with a few specks of cementite. If % 

carbon in the steel is 0.01 the amount of cementite is given by (0.01/6.67)x100 = 0.15%. The 

grains are relatively finer than that after solidification. 

 
 
Fig.2.21: Shows the solidification behavior of steel having greater than 0.02% carbon but 

less than 0.8% carbon 

(ii) Fig.2.21  explains the solidification behavior of steel having greater than 0.02% carbon 

but less than 0.8% carbon with the help of a set of schematic diagrams. The sketch on the left 

shows a part of the equilibrium diagram (Fe Fe3C) with the location of the alloy by a vertical 

dotted line. It has around 0.18% carbon. It intersects the liquidus and a set of lines denoting 

either phase field boundaries or isotherms representing 3 phase equilibrium. These are projected 

on to the cooling curve shown on the right with the help of a set of horizontal lines. The cooling 

curve exhibits inflection points or steps (discontinuity) at each of these intersections. 

Solidification begins with the precipitation of a few grains of  ferrite. The first 

microstructure from the top corresponds to this stage. Solidification takes place by the nucleation 

of new grains and the growth of the existing ones. The composition of the liquid and the solid 

keeps changing during this stage. When the temperature reaches 1495°C peritectic reaction sets 

in. This is an invariant reaction. The liquid having 0.55% carbon reacts with  ferrite having 

0.08% carbon to form austenite (



consume the remaining liquid. The alloy on solidification consists of austenite ( ) having 0.18% 

carbon. This is shown by the second schematic structure from the top in Fig.2.21  . The structure 

remains unchanged until the temperature crosses the boundary between  /  phase fields. 

Thereafter ferrite ( ) precipitates from (  austenite. The grain corners and boundaries are the 

preferred sites where grains of ferrite nucleate. The ferrite precipitating from austenite is known 

as pro eutectoid ferrite. The third microstructure from the top in Fig.2.21  represents its main 

features. It consists of grains of pro eutectoid  (white) and a few grains of  (grey). There is 

partition of carbon between these two phases. Bulk of the carbon goes into austenite. The 

composition of the two keeps changing as the temperature drops. The volume fraction of  

increases at the cost of . When % carbon in austenite reaches 0.8% eutectoid reaction sets in. 

This is an invariant reaction. As long as it continues the temperature remains constant. During 

this stage both cementite and ferrite start precipitating from austenite at the same time. The 

product is an intimate mixture of two phases. It is known as pearlite. It consists of parallel layers 

(plates) of ferrite and cementite. Fig.2.22 gives a series of sketches showing various stages 

involved in the formation of pearlite. When a cementite plate nucleates as in (Fig.2.22 (a)) at an 

austenite boundary it takes carbon from its neighboring area. This results in a change in local 

carbon profile as shown in the sketch. Just beside cementite % C = 0.02 whereas at a distance far 

from this it approaches 0.8 % C (this is the composition of the eutectoid). When this becomes 

low enough a ferrite plate nucleates. Fig.2.22 (b) illustrates this. Note the change in carbon 

concentration as a function of distance. Fig.2.22 (c) shows the arrangement of ferrite cementite 

plates in a colony of pearlite. The width of the two is approximately proportional to % ferrite and 

% cementite in eutectoid steel having 0.8% carbon. Using lever rule % cementite in pearlite 

=100 x (0.8 0.025) / (6.67 0.025) = 12% (approximately). Therefore % ferrite = 88%. The ratio 

of the two is approximately equal to 1:7. This means the width of the ferrite plate will be seven 

times the width of cementite plate. On completion of the eutectoid reaction the structure consists 

of pro eutectoid ferrite and pearlite. Note the main features of the fourth microstructure from the 

top in Fig 2.21. When the temperature drops below the eutectoid temperature, excess carbon 

from ferrite ( ) precipitates as cementite. This is known as tertiary cementite (Why this is called 

tertiary will be clear from subsequent part of this module). However the change in structure 

below the eutectoid temperature is too little to detect. Steels having carbon within 0.02  0.8 

consist of ferrite and paerlite. They are known as hypo eutectoid steel. 



 

Fig.2.22: Shows a series of sketches showing various stages involved in the formation of pearlite 

 

Fig.2.23: Shows solidification behavior of steel having greater than 0.8% carbon but less 



than 2.0% carbon 

(iii) Fig.2.23 explains the solidification behavior of steel having greater than 0.8% carbon 

but less than 2.0% carbon with the help of a set of schematic diagrams. Such steels are known as 

hyper eutectoid steel. The sketch on the left shows a part of the equilibrium diagram (Fe Fe3C) 

with the location of the alloy as a vertical dotted line. It has around 1.0% carbon. It intersects the 

liquidus, solidus, solvus and the eutectoid reaction isotherm representing 3 phase equilibrium. 

These are projected on to the cooling curve shown on the right with the help of a set of 

horizontal lines. The cooling curve exhibits inflection points or a step (discontinuity) at each of 

these intersections. Solidification begins with precipitation of a few grains of  austenite. The top 

most microstructure corresponds to this stage. The solidification takes place by nucleation of 

new grains and growth of the existing ones. The composition of the liquid and the solid keeps 

changing during this stage. When the temperature reaches that of the solidus the composition of 

the solid becomes equal to that of the steel. The alloy on solidification consists of 100% austenite 

( ) having 1.0% carbon (say). This is shown by the second schematic structure from the top in 

Fig.2.23. The structure remains unchanged until the temperature crosses the solvus, the boundary 

between / + Cementite phase fields. At this stage cementite starts precipitating from austenite. 

It grows at the cost of austenite. The % carbon in austenite keeps decreasing as the amount of 

cementite increases. The grain boundary is the most favored site for precipitation. The fourth 

structure from the top in Fig.2.23 gives a typical structure of steel at this stage. When % carbon 

in austenite decreases to 0.8% eutectoid reaction sets in. This is an invariant reaction. As long as 

it continues the temperature remains constant. During this stage both cementite and ferrite start 

precipitating from austenite at the same time. The product is an intimate mixture of two phases. 

It is known as pearlite. The details about the pearlitic structure are shown in Fig 2.22. Cementite 

is a hard and brittle phase. The presence of a continuous network of cementite makes steel 

extremely brittle. There are methods to avoid the formation of such a network to make it suitable 

for engineering applications. We shall learn about in one of the subsequent modules. 

Estimation of the amount of micro constituents in steel from phase Diagram: 
 

The micro constituents in steel are ferrite, austenite, cementite and pearlite. Out of these 

austenite is not stable at room temperature. When we look at microstructures of steel we get an 



idea about the distribution of various constituents. If the composition or % carbon in steel is 

known we can estimate the volume fraction (weight fraction) of each the likely constituents. 

 

Fig 2.24: Shows how to estimate the amounts of micro constituents in steel at room temperature. 

 
Fig.2.24 gives the relevant part of Fe Fe3C phase diagram. For practical purpose we may 

assume that the solubility of carbon in ferrite is negligible. The general expressions for the 

amount of Pearlite (P),Cementite (Cm), Pro  eutectoid Ferrite & Total ferrite ( ) in a 

hypo eutectoid steel having x% C are as follows. 

 

 

 

 



This truly gives weight % of various constituents. When you look at the microstructure you get 

an estimate of volume %. However if the density of the phases are known weight % can be 

converted to volume %. In the case of steel the density of ferrite is 7.87 g/cc and that of 

cementite is 7.662. Although the difference is not much the amount of Cm seen in a 

microstructure (volume fraction) will be a little more than weight fraction obtained from the 

lever rule. 

Cast iron: 
 

If % carbon is greater than 2.0 but less than 6.67 the Fe Fe3C alloy is known as white 

cast iron. Such an alloy can be easily cast into various shapes but it has poor ductility. The 

fracture surface has silvery white luster. This is why it is known as white cast iron. On the basis 

of its microstructure there are two types of white cast iron. These are (i) hypoeutectic white cast 

iron (2.0 < % C < 4.3) and (ii) hypereutectic white cast iron (4.3 < %C < 6.67). Cementite (Fe3C) 

is the hardest constituent in the Fe  Fe3C system. Its hardness is of the order of 1000HV 

(Vickers Hardness Number). This is why it has excellent wear resistance. Recall that the % 

carbide in eutectic is around 60%. Hard materials are known to be brittle. 

There is no wonder that white cast iron has poor ductility. Let us look at the evolution of 

microstructure in hypo & hyper eutectic white cast iron. This has been explained with the help of 

a set of sketches given in Fig 2.25  2.26. 

 

Fig 2.25: Shows the evolution of the microstructure in a hypoeutectic cast iron 



Fig.2.25 describes the evolution of the microstructure in a hypoeutectic cast iron. The 

vertical dotted line marked x is the location of the alloy with respect to the Fe Fe3C phase 

diagram. The sketch on the right gives its cooling curve. Solidification begins with nucleation 

and growth of austenite grains. As it cools the amount of austenite increases at the cost the 

liquid. The composition of the austenite and the liquid keep changing. At the eutectic 

temperature the composition of liquid is 4.3 whereas that of the austenite is 2.0. If %C in the cast 

iron is 3.0, % austenite at this temperature =100 x (4.3 3.0)/(4.3 2.0) = 57%. The balance 43% is 

liquid. On cooling this it solidifies as a mixture of austenite and cementite. The eutectic is known 

as ledeburite. The austenite that forms before eutectic transformation is called proeutectic 

austenite or primary austenite. On subsequent cooling, the volume fraction of cementite increases 

at the cost of austenite. At the eutectoid temperature the primary austenite and the austenite in 

the eutectic transform into pearlite. The final structure would consist of relatively large nodule of 

pearlite (originating from primay austenite) and a fine dispersion of tiny nodules of pearlite 

(originating from the austenite in the eutectic) in a matrix of cementite. 

 

Fig 2.26: Shows the evolution of the microstructure in a hyper eutectic white cast iron 

Fig 2.26 describes the evolution of the microstructure in a hyper eutectic white cast iron. 

The vertical dotted line marked x is the location of the alloy with respect to the Fe Fe3C phase 

diagram. The sketch on the right gives its cooling curve. Solidification begins with nucleation 

and growth of primary (proeutectic) grains of cementite. As it cools the amount of cementite 

increases at the cost the liquid. Note that cementite has a fixed composition. However the 

composition of the liquid keeps changing. At the eutectic temperature the composition of liquid 



is 4.3. If %C in the cast iron is 5.0, %liquid at this temperature =100 x (6.67 5.0)/(6.67 4.3) = 

70%. On further cooling it solidifies as a mixture of austenite and cementite. The eutectic is 

known as ledeburite. The cementite that forms before eutectic 

transformation is called pro eutectic cementite or primary cementite. On subsequent cooling, the 

volume fraction of cementite increases at the cost of austenite within the eutectic. The cementite 

that forms during this stage is called secondary cementite. At the eutectoid temperature the 

austenite in the eutectic transforms into pearlite. The final structure consists of relatively large 

primary cementite and a fine dispersion of tiny nodules of pearlite (originating from the austenite 

in the eutectic) in a matrix of cementite. The eutectic in cast iron at room temperature is known 

as transformed ledeburite. The cementite present in iron carbon system has several distinct 

morphologies. In hyper eutectic white cast iron has all of theses. Cementite precipitating from 

the liquid is called primary cementite, that precipitating from austenite is called secondary 

cementite, and those precipitating from ferrite below eutectoid temperature is called tertiary 

cementite. Apart from these cementite is also present as thin plates within nodules of pearlite. 

Iron  carbon system 

In the previous section we looked at Fe Fe3C meta stable phase diagram. It was 

mentioned that iron carbide is not a stable phase although it can exist in this form at room 

temperature for indefinite periods. However on prolonged exposure to high temperature (around 

600°C) it can decompose into ferrite and graphite. We would therefore look at iron graphite 

phase diagram and learn about alloys where carbon is present as graphite. 

Iron Carbon (Graphite) Phase Diagram: 



 

Fig.2.27: Iron-Carbon (graphite) phase diagram 

The Fe Fe3C phase diagram and the iron graphite phase diagram is very similar. 

Solubility of carbon in the two forms of ferrite is still the same. There is a minor change in the 

upper limit of the solubility of carbon in austenite and in liquid. The broken (dashed) lines are 

the boundaries between various phase fields in the case of Fe C phase diagram. Note that the 

compositions of the critical points marked as a, b, c, & d are nearly the same as those in Fe Fe3C 

phase diagram. The eutectoid and the eutectic temperatures are a little higher. The diagram 

extends till 100% C. Fe3C is not a stable phase. It decomposes into Fe and C. There are several 

grades of cast iron having graphite as one of the constituents. However graphite is rarely present 

in steel. The density of graphite is 2.2 gm/cc whereas that of iron is 7.87gm/cc. This is why iron 

carbon alloys where carbon is present as graphite expands on solidification. They are easy to cast 

as there is no problem associated with shrinkage during solidification. Fig.2.28 shows different 

morphologies of graphite in cast iron. 

 

Fig 2.28: Shows a few common shapes of graphite present in cast iron 



The most common forms of graphite present in cast iron are flakes of various sizes and shapes. 

Fig.2.28 (a) and (b) are the two common morphology. It is visible under microscope in even if 

the specimen is not etched. Flakes act like stress raisers. Therefore cast irons having flakes of 

graphite are brittle. The appearance of its fracture surface is grey. This is why it is known as grey 

cast iron. Long flakes usually develop as primary phase during solidification. This is possible 

only in hyper eutectic cast iron. In hypo eutectic grey cast iron the primary phase that forms 

during solidification is austenite. The last liquid to solidify is the eutectic which is a mixture of 

austenite and graphite. The graphite flakes that form during this stage are much smaller. Its 

appearance may look like that in Fig.2.28 (b). % graphite in eutectic can be estimated from the 

phase diagram using lever rule. This is approximately equal to 100 x (4.3  2.0)/(100  2.0) = 

2.4. The balance is austenite. The excess carbon from austenite can precipitate as graphite as it 

cools. This continues till the composition of austenite reaches that of the eutectoid point. On 

further cooling it may transform into pearlite if the cooling rate is not slow enough. If the cooling 

rate is extremely slow it should transform into a mixture of ferrite and graphite. Under such a 

condition grey cast iron would consist of ferrite grains and graphite flakes. The matrix of such 

cast iron can vary from 100% ferrite to 100% pearlite.The morphology of graphite shown in 

Fig.2.28 (c) develops when white cast iron is held at around 950°C for long hours. This shape is 

usually known as temper carbon. White cast iron is extremely brittle. However such treatment 

results in substantial improvement in its ductility. Cast iron having such a structure is known as 

malleable cast iron. Flakes of graphite behave as long cracks. This makes grey cast iron brittle. 

Temper carbons appear as collections of irregular shaped patches of graphite in a microstructure. 

Unlike flakes such a form of carbon does not act as notches or stress raisers. Therefore cast iron 

where graphite exits in this form is ductile. The morphology shown in Fig.2.28 (d) can be obtained 

by special treatment during solidification. If molten iron having high superheat is inoculated with 

magnesium, graphite nucleates in nodular shapes. This too has good ductility. It is known as SG 

(Spheroidal Graphite) or nodular iron. Like grey cast iron both nodular and malleable cast iron 

can have a matrix of 100 % ferrite or 100% pearlite or a mixture of the two. Commercial cast 

iron has significant amount of silicon. Truly cast iron is not a binary alloy. It is often considered 

as a ternary alloy of Fe C Si. 

Cast iron- It is an alloy of iron, carbon and silicon and it is hard and brittle.Carbon content may 

be within 1.7% to 3% and carbon may be present as free carbon or iron carbide Fe3C. In general 



the types of cast iron are (a) grey cast iron and (b) white cast iron (c) malleable cast iron (d) 

spheroidal or nodular cast iron. 

(a) Grey cast iron- Carbon here is mainly in the form of graphite. This type of cast iron is 

inexpensive and has high compressive strength. Graphite is an excellent solid lubricant and this 

makes it easily machinable but brittle. Some examples of this type of cast iron are FG20, FG35 or 

FG35Si15. The numbers indicate ultimate tensile strength in MPa and 15 indicates 0.15% silicon. 

(b) White cast iron- In these cast irons carbon is present in the form of iron carbide (Fe3C) 

which is hard and brittle. The presence of iron carbide increases hardness and makes it difficult 

to machine. Consequently these cast irons are abrasion resistant. 

(c) Malleable cast iron- These are white cast irons rendered malleable by annealing. These are 

tougher than grey cast iron and they can be twisted or bent without fracture. They have excellent 

machining properties and are inexpensive. Malleable cast iron are used for making parts where 

forging is expensive such as hubs for wagon wheels, brake supports. Depending on the method 

of processing they may be designated as black heart BM32, BM30 or white heart WM42, WM35 

etc. 

(d) Spheroidal or nodular graphite cast iron- In these cast irons graphite is present in the form 

of spheres or nodules. They have high tensile strength and good elongation properties. They are 

designated as, for example, SG50/7, SG80/2 etc where the first number gives the tensile strength 

in MPa and the second number indicates percentage elongation. 

 

                                        

 

 

 

 

 

 



TTT DIAGRAM 

 

  
               Figure-3.1(a) 

The diagram that illustrates the transformation of austenite as a function of time at a 

constant temperature is a TTT or Isothermal Transformation diagram. A number of small 

samples are taken from the same steel. These samples are heated to a predetermined austenitizing 

temperature and are held at this temperature for a sufficient long period so as to obtain a 

homogeneous austenite. These austenitized samples are transferred quickly to another bath 

maintained at a constant temperature below eutectoid temperature, selected for the study of 

kinetic of transformation. These samples are taken out one by one from the sub-critical 

temperature bath after different time intervals and are quenched immediately. 

            The quenching of samples results in the formation of martensite from the untransformed 

austenite. By this technique, the amount of transformation austenite can be determined as a 

function of time at constant temperature. The amount of transformed austenite will increase by 

allowing samples to remain in constant temperature bath for longer time. 

Transformation of austenite to ferrite-cementite mixture occurs after a definite time. This time 

during which transformation does not proceed is known as incubation period corresponds to 



lesser stability of austenite. TTT diagram is an extension of isothermal transformation of 

austenite diagram. 

   
    Figure-3.1(b) 

 

 



Silent Features of TTT diagram:- 

 The minimum incubation period of TTT diagram of 0.8%C steel is maximum at pearlite 

nose. 

 As the carbon percentage is decreased below 0.8%C  the TTT diagram shifted towards 

left and the minimum incubation period goes on decreasing. 

 And eventually of 0.2%C steel the TTT diagram shifted so much towards the left and it is 

truncated by the Y-axis. 

 Further as the carbon content is increased beyond or above 0.8%C the corresponding 

TTT diagram also shift towards left. 

 

 

Factors affecting TTT diagram 

 Composition of steel- 

(a) carbon wt%:- 

Carbon increases the stability of austenite and the amount of free ferrite decreases as 

the carbon content increases up to 0.77%. As the ferrite is the nucleating phase for 

pearlite in hypoeutectiod steels, the nose of the s-curve becomes more and more right 

hand side, as the carbon increases to 0.77%, but shift towards left hand side as carbon 

increases more than 0.77% in hypereutectoid range, because of the presence of 

increasing amount of free cementite in them, as cementite act as the nuclei for pearlite 

transformation in hypereutectoid steels. 

(b) alloying element wt%:- 

All alloying elements (except Co) shift the s-curve to the right in both pearlite and 

bainitic regions. Elements like Mn, Ni, etc, the austenite stabilisers, just like carbon, 

stabilise the austenite and thus shift the s-curve to the right. 

 Grain size of austenite:- 

      All the decomposition products of austenite nucleate heterogeneously preferentially at 

the grain boundaries. As a fine grained steel has larger grain boundary area than a coarse 

grained steel, thus there are more potential sites for the nucleation of ferrite, pearlite, 



bainite, cementite. It reduces the incubation period, i.e., s-curve of the fine grained steel 

is more towards left, significantly in the pearlitic range. 

 

 For 1.1%C steel the TTT diagram also truncated by the Y-axis. 

 

Concept of Heat Treatment of Steels:- 

     Temperature band for heat treatment (like annealing, normalizing, hardening) of various 

grades of steel is shown in the Fe-Fe3C equilibrium diagram. For Hypoeutectoid steel the 

temperature band for heating is 50®C above the Ac3 temperature. On the other hand for 

hypereutectoid steel the temperature band for heating is 50®C above Ac1 (723®C) and not above 

50®C above Acm, because the slope of Acm curve is much steeper than the Ac3 curve. If we use 

50®C above Acm temperature for hypereutectoid steel, then the austenite is formed will be very 

high grain size and upon quenching this will result; 

 Formation of quench cracks 

 The overall strength of the product will be poor because of the larger martensite needle. 

However for the hypo-eutectoid steel we can use 50®C above Ac3 temperature, with the result; 

 No quench cracks 

 Strength of the martensite will be higher because of the smaller size of martensite needle. 

 

 

ANNEALING:- 

        Annealing in general involves heating to a predetermined temperature, holding at this 

temperature and finally cooling at a very slow rate, i.e., inside the furnace. The temperature to 

which steel is heated and the holding time are determined by various factors such as the chemical 

composition of the steel, size and shape of the steel component and final properties desired.  The 

various purposes of this treatment are to; 



 Relieve internal stresses developed during solidification, machining, forging, rolling or 

welding. 

 Improve ductility and toughness 

 Enhance machinability 

 Eliminate chemical non-uniformity 

 Refine grain size 

 Reduce the gaseous contents in steel. 

The microstructure of the annealing treatment of steel is coarse pearlite(less in number of pearlite 

colonies but bigger in size). 

 

                             

 
             
   Figure-3.2(a) 



                                      
Figure-3.2(b) 

Annealing treatment can be classified into groups based on; 

1) Temperature of treatment 

 Full annealing 

 Partial annealing 

 Sub-critical annealing 

2) Phase transformation that takes place during treatment  

 First order annealing 

 Second order annealing 

3) The purpose of the treatment 

 Diffusion annealing 

 Spherodizing annealing 

 Recrystallization annealing 

 

NORMALIZING:-           



     
   Figure-3.3(a)      

         It is the process of heating steel to above 40-50®C above upper critical temperature (Ac3 or 

Acm), holding for proper time and then cooling in air to room temperature. After normalizing the 

resultant microstructure should be fine pearlite (more number of pearlite colonies but small in 

size).  The grain size is finer in normalized structure than in annealed structure. Normalized 

steels are generally stronger and harder than full annealed steels. The machinability of steel 

shows an improvement on normalizing. 

        By normalizing an optimum combination of strength and softness is achieved. This method 

of improving machinability is specially applicable to hypo-eutectoid steel. Normalizing 

treatment is frequently applied to steels in order to achieve any one or more of the objectives; 

 Grain refinement 

 Improvement in machinability 

 Enhanced mechanical properties such as hardness, strength and toughness. 



  
   Figure-3.3(b) 

 

 

HARDENING:-            

       High tensile strength and hardness values can be obtained by a process known as hardening. 

It is the process of heating the steel to proper austeniteising temperature, holding at this 

temperature and then cooling with rapid cooling such as quenching in water, oil or salt bath. 

Rapid cooling results in the transformation of austenite at considerably low temperature into 

non-equilibrium product. The product of low temperature transformation of austenite is 

martensite which is a hard micro-constituents of steel. Martensite having BCT structure which is 

hard and brittle. Hardness of the martensite mainly depends on the carbon content of the steel. 



                                                 
                    
          Figure-3.4(a) 
 

        The hardening temperature depends on chemical composition and for plain C-steels, it 

depends on carbon content alone. Hypoeutecoid steels are heated about 30-50®Cabove the upper 

critical temperature, where as eutectoid and hyper-eutectoid steels are heated to about 30-50®C 

above the lower critical temperature.  Normally the C-steels are quenched in water & alloy steels 

in oil. 

     If hypoeutecoid steel is heated to a hardening temperature equivalent to that for 

hypereutectoid steel, then the structure will consist of ferrite and austenite. This will transform to 

ferrite and martensite on quenching. Ferrite is very soft phase and lowers the hardness of 

hardened steel considerably. This is known as incomplete hardening. 

    Heating of hyper-eutectoid steel above the upper critical temperature (Acm) for hardening is 

detrimental because such a high temperature will result in coarsening of austenite grains and 

decarburize at the surface. Coarse austenite will transform to coarse acicular martensite which 

has poor mechanical properties. Quenching from such a high temperature will introduce several 

internal stresses into the hardened steel. 

 

 



Purpose of hardening:- 

a. To develop high hardness. 

b. Improves tensile strength, yield strength and wear resistance. 

Factors affecting hardening process:- 

i. Chemical composition of steel 

ii. Size, shape and the surface condition of the steel part 

iii. Quenching medium 

iv. Homogeneity & the grain size of austenite  

v. Hardening cycle (i.e., heating rate, hardening temperature, holding time and the cooling 

rate) 
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TEMPERING:- 

          Tempering is the process of heating hardened steel to a temperature below the lower 

critical temperature (Ac1). It is done after the steel is quenched. There are two products obtained 

on quenching; 

1. Martensite 

2. Retained austenite 

            Both these products are unstable in nature, even at room temperature these phases can 

decompose. As a result there can be dimensional instability. The advantages gained by tempering 

are; 

 Relieving internal stresses 

 Restoration of ductility & toughness 

 Transformation of retained austenite 

The higher the tempering temperature, the more is the restored ductility & tougher the steel. 



            
    Figure-3.5(a)      

 

 

Stages of tempering:- 

        Depending on the range of tempering temperature, the treatment proceeds to various stages. 

1st stage:- (up to 2000C) 

     The 1st stage of tempering also referred to as low temperature tempering. The maximum 

temperature to which steel is heated is restricted to about 200®C at this stage. Precipitation of -

carbide carried out due to decrease of tetragonality of martensite. Such a structure is called 

tempered martensite. Decrease in tetragonality decrease the hardness but precipitation of - 

carbide increases the hardness of the steel. 

2nd stage:- (200-3000C) 

       (Decomposition of retained austenite), During this stage retained austenite transforms to 

lower bainite. There takes place slightly increase in volume of the steel. When the carbon content 



of the steel is high, the amount of retained austenite being larger transforms to more hard lower 

bainite in large proportions. 

3rd stage:- (200-3500C) 

      Formation of rods of cementite, complete loss of tetragonality of martensite and dissolution 

of - carbide occur. Hardness decreases continuously & sharply. Structure is ferrite & small 

particles of cementite. 

4th stage:- (350-7000C) 

     Coarsening and spherodisation of cementite along with recovery & recrystallisation of ferrite 

occur. The growth of cementite starts at around 300®C, but spherodisation occurs above 4000C. 

Above 6000C equiaxed grains of ferrite form having coarse globule of cementite. It is 

spherodised or globular pearlite, which is softest with highest ductility &best machinability.  

                  
             
  Figure-3.5(b) 

 

HARDENABILITY:- 

            Hardenability refers to the depth up to which a material is hardened after putting 

through a heat treatment process. The unit of hardenability is the same as of length. It is an 

indication of how deep into the material a certain hardness can be achieved. It should not be 

confused with hardness, which is a measure of a sample's resistance to indentation or scratching. 

It is an important property for welding, since it is inversely proportional to weldability, that is, 

the ease of welding a material. 



         Or Hardenability-the susceptibility to hardening-by rapid cooling is defined as the 

property of steel which determine the depth and distribution of hardness produced by quenching.  

A  steel  quenched to 100% martensite up to its centre may have lower surface hardness (as its 

carbon content is low), but still has higher hardenability as compare to a steel having higher 

surface hardness due to 100% martensite there but lower hardenability. 

         The different methods for measuring hardenability; 

1. Easy detection of 50% martensite 

2.  

 
 

3. Jominy End-Quench Test 



  
  Figure-3.6 

     

 Factors Affecting Hardenability:- 

a) Grain size:- 

          Grain boundaries are preferential nucleation sites for ferrite & pearlite. If the 

austenite grain size is large, the grain boundary area is less, the probability of nucleation 

to ferrite and pearlite decreases. Thus the hardenability of the steel increases as the grain 

towards right. But this method of 

increasing hardenability is avoided as coarse grains have other bad effects like increased 

brittleness, more tendency to quench cracks, etc. 

b) Carbon content:- 

         Carbon fixes the maximum attainable surface hardness on quenching. It also 

increases hardenability as it stabilises austenite and thus shift the TTT or CCT curve to 

the right as its content increases up to 0.77%C (eutectoid point), but beyond that 

hardenability decreases, because the undissolved proeutectoid cementite as a nuclei for 

the pearlite transformation and the CCT or TTT curve shift towards left. 

c) Alloying Elements:- 

       Most alloying elements (except Co) shift the TTT or CCT curve towards right to 

increase the hardenability of steel, if the alloying elements are dissolved in austenite . The 



presence of undissolved alloy carbides, not only depletes the austenite of the alloying 

elements as well as carbon, which would have increased the hardenability, but helps to 

nucleate pearlite to decrease the hardenability. Presence of carbides decreases the grain 

growth. Had the grain growth occurred, the hardenability would have increased. Co 

increases the nucleation and growth of pearlite to shift the curve towards left to decrease 

the hardenability. Mn  is very effective in increasing the hardenability. Boron (0.003-

0.005%) is most effective in increasing the hardenability. 

d) Severity of quenching:- 

       The hardenability increases as the severity of quenching increases. Thus the coolant 

is made constant to study the effect of other factors on hardenability. 

e) Mass Effect:- 

        It has been observed that the maximum hardness is obtain on the surface of the bar 

of small diameters, and decreases as diameter increases. The centre hardness continues to 

drop as the diameter of the bar increases. To standardise this factor, the hardenability is 

measured in terms of depth of penetration of hardness. 

 

COMMON ALLOY STEELS:- 

           Alloy steel is steel that is alloyed with a variety of elements in total amounts between 

1.0% and 50% by weight to improve its mechanical properties. Alloy steels are broken down into 

two groups: low-alloy steels and high-alloy steels. Every steel is an alloy, but not all steels are 

called "alloy steels". The simplest steels are iron (Fe) alloyed with carbon (C) (about 0.1% to 

1%, depending on type). However, the term "alloy steel" is the standard term referring to steels 

with other alloying elements in addition to the carbon. Common alloyants include manganese 

(the most common one), nickel, chromium, molybdenum, vanadium, silicon, and boron. Less 

common alloyants include aluminium, cobalt, copper, cerium, niobium, titanium, tungsten, tin, 

zinc, lead, and zirconium. The following is a range of improved properties in alloy steels (as 

compared to carbon steels): strength, hardness, toughness, wear resistance, corrosion resistance, 

hardenability, and hot hardness. To achieve some of these improved properties the metal may 

require heat treating. Some of these find uses in exotic and highly-demanding applications, such 

as in the turbine blades of jet engines, in spacecraft, and in nuclear reactors. Because of the 



ferromagnetic properties of iron, some steel alloys find important applications where their 

responses to magnetism are very important, including in electric motors and in transformers. 

       

Principal effects of major alloying elements for steel 

Element Percentage Primary function 

Aluminium 0.95 1.30 Alloying element in nitriding steels 

Bismuth - Improves machinability 

Boron 0.001 0.003 A powerful hardenability agent 

Chromium 

0.5 2 Increases hardenability 

4 18 Increases corrosion resistance 

Copper 0.1 0.4 Corrosion resistance 

Lead - Improved machinability 

Manganese 

0.25 0.40 
Combines with sulphur and with phosphorus to reduce the 

brittleness. Also helps to remove excess oxygen from molten steel. 

>1 
Increases hardenability by lowering transformation points and 

causing transformations to be sluggish 

Molybdenum 0.2 5 

Stable carbides; inhibits grain growth. Increases the toughness of 

steel, thus making molybdenum a very valuable alloy metal for 

making the cutting parts of machine tools and also the turbine 

blades of turbojet engines. Also used in rocket motors. 

Nickel 2 5 Toughened 


































