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UNIT-I 

CRYSTALLOGRAPHY 

 
1.0 What is Materials Science? 

 
Materials make modern life possible—from the polymers in the chair you‘re sitting on, the 

metal ball-point pen you‘re using, and the concrete that made the building you live or work in 

to the materials that make up streets and highways and the car you drive. All these items are 

products of materials science and technology (MST). Briefly defined, materials science is the 

study of ―stuff.‖ Materials science is the study of solid matter, inorganic and organic. Figures 

1.1, 1.2, 1.3, and 1.4 depict how these materials are classified. 

 

 

 
 



 

 
 
 



 

 

Materials science and technology is a multidisciplinary approach to science that involves 

designing, choosing, and using three major classes of materials—metals, ceramics, and 

polymers (plastics). Wood also could be used. Another class of materials used in MST is 

composites, which are made of a combination of materials (such as in particle board or 

fiberglass). Materials science combines many areas of science. Figure 1.5 illustrates how 

materials science draws from chemistry, physics, and engineering to make better, more useful, 

and more economical and efficient ―stuff.‖ Because of the interdisciplinary nature of materials 

science, it can be used both as an introductory course to interest students in science and 

engineering and also as an additional course to expand the horizons of students already taking 

science and mathematics courses. 

 



1.1 STRUCTURE OF METALS AND ALLOYS 

Since the electrons in a  metallic lattice are in a  ―gas,‖  we must use the  core  electrons  and 

nuclei to determine the structure in metals. This will be true of most solids we will describe, 

regardless of the type of bonding, since the electrons occupy such a small volume compared to 

the nucleus. For ease of visualization, we consider the atomic cores to be hard spheres. Because 

the electrons are delocalized, there is little in the way of electronic hindrance to restrict the 

number of neighbors a metallic atom may have. As a result, the atoms tend to  pack in a close-

packed arrangement, or one in which the maximum number of nearest neighbors (atoms 

directly in contact) is satisfied. Refer to Figure 1.16. The most hard spheres one can place in 

the plane around a central sphere is six, regardless of the size of the spheres (remember that all 

of the spheres are the same size). You can then place three spheres in contact with the central 

sphere both above and below the plane containing the central sphere. This results in a total of 

12 nearest-neighbor spheres in contact with the central sphere in the close-packed structure. 

Closer inspection of Figure 1.16a shows that there are two different ways to place the three 

nearest neighbors above the original plane of hard spheres. They can be directly aligned with 

the layer below in an ABA type of structure, or they can be rotated so that the top layer does 

not align core centers with the bottom layer, resulting in an ABC structure. This leads to two 

different types of close-packed structures. The ABAB... structure (Figure 1.16b) is called 

hexagonal close-packed (HCP) and the ABCABC... structure is called face-centered cubic 

(FCC). Remember that both 

 

 

 

 

Close-packing of spheres. (a) Top view, (b) side view of ABA structure, (c) side view of 

ABC structure 



 

The extended unit cell of the hexagonal close-packed (HCP) structure. 

of these close-packed arrangements have a coordination number (number of nearest neighbors 

surrounding an atom) of 12: 6 in plane, 3 above, and 3 below.∗ Keep in mind that for close-

packed structures, the atoms touch each other in all directions, and all nearest neighbors are 

equivalent. Let us first examine the HCP structure. Figure 1.17 is a section of the HCP lattice, 

from which you should be able to see both hexagons formed at the top and bottom of what is 

called the unit cell. You should also be able to identify the ABA layered structure in the HCP 

unit cell of Figure 1.17 through comparison with Figure 1.16. Let us count the number of atoms 

in the HCP unit cell. The three atoms in the center of the cell are completely enclosed. The 

atoms on the faces, however, are shared with adjacent cells in the lattice, which extends to 

infinity. The center atoms on each face are shared with one other HCP unit cell, either above 

(for the top face) or below (for the bottom face), so they contribute only half of an atom each 

to the HCP unit cell under consideration. This leaves the six corner atoms on each face (12 

total) unaccounted for. These corner atoms are at the intersection of a total of six HCP unit 

cells (you should convince yourself of this!), so each corner atom contributes only one-sixth of 

an atom to our isolated HCP unit cell. 

 



The face-centered cubic (FCC) structure showing (a) atoms touching and (b) atoms as small 

spheres. 

 
Counting the atoms in the FCC structure is performed in a similar manner, except that 

visualizing the FCC structure takes a little bit of imagination and is virtually impossible to 

show on a two-dimensional page. Take the ABC close-packed structure shown in Figure 1.16c, 

and pick three atoms along a diagonal. These three atoms form the diagonal on the  face of the 

FCC unit cell, which is shown in Figure 1.18. There is a trade-off in doing this: It is now 

difficult to see the close-packed layers in the FCC structure, but it is much easier to see the 

cubic structure (note that all the edges of the faces have the same length), and it is easier to 

count the total number of atoms in the FCC cell. In a manner similar to counting atoms in the 

HCP cell, we see that there are zero atoms completely enclosed by the FCC unit cell, six face 

atoms that are each shared with an adjacent unit cell, and eight corner atoms at the intersection 

of eight unit cells to give 6 × (1/2) = 3 face atoms 8 × (1/8) = 1 corner atom 4 total atoms 

 
Crystal Structures Our description of atomic packing leads naturally into crystal structures. 

While some of the simpler structures are used by metals, these structures can be employed by 

heteronuclear structures, as well. We have already discussed FCC and HCP, but there are 12 

other types of crystal structures, for a total of 14 space lattices or Bravais lattices. These 14 

space lattices belong to more general classifications called crystal systems, of which there are 

seven. 

 



Before describing each of the space lattices, we need to define a coordinate system. The easiest 

coordinate system to use depends upon which crystal system we are looking at. In other words, 

the coordinate axes are not necessarily orthogonal and are defined by the unit cell. This may 

seem a bit confusing, but it simplifies the description of cell parameters for those systems that 

do not have crystal faces at right angles to one another. Refer to Figure 

1.19. For each crystal system, we will define the space lattice in terms of three axes, x, y, and 

z, with interaxial angles α, β, γ . Note that the interaxial angle α is defined by the angle formed 

between axes z and y, and also note that angles β and γ are defined similarly. Only in special 

circumstances are α, β, γ equal to 90◦ . The distance along the y axis from the origin to the edge 

of the unit cell is called the lattice translation vector, b. Lattice translation vectors a and c are 

defined similarly along the axes x and z, respectively. The magnitudes (lengths) of the lattice 

translation vectors are called the lattice parameters, a, b, and c. We will now examine each of 

the seven crystal systems in detail. 

 
1.2 Crystal Systems. 

The cubic crystal system is composed of three space lattices, or unit cells, one of which we 

have already studied: simple cubic (SC), bodycentered cubic (BCC), and face-centered cubic 

(FCC). The conditions for a crystal to be considered part of the cubic system are that the lattice 

parameters be the same (so there is really only one lattice parameter, a) and that the interaxial 

angles all be 90◦ . The simple cubic structure, sometimes called the rock salt structure because 

it is the structure of rock salt (NaCl), is not a close-packed structure (see Figure 1.20). In fact, 

it contains about 48% void space; and as a result, it is not a very dense structure. The large 

space in the center of the SC structure is called an interstitial site, which is a vacant position 

between atoms that can be occupied by a small impurity atom or alloying element. In this case, 

the interstitial site is surrounded by eight atoms. All eight atoms in SC are equivalent and are 

located at the intersection of eight adjacent unit cells, so that there are 8 × (1/8) = 1 total atoms 

in the SC unit cell. 

Body-centered cubic (BCC) is the unit cell of many metals and, like SC, is not a close-packed 

structure. The number of atoms in the BCC unit cell are calculated as follows: 

 



Finally, face-centered cubic (FCC) has already been described (Figure 1.18). Even though FCC 

is a close-packed structure, there are interstitial sites, just as in SC. There are actually two 

different types of interstitial sites in FCC, depending on how many atoms surround the 

interstitial site. A group of four atoms forms a tetrahedral interstice, as shown in Figure 1.21. 

A group of six atoms arranged in an octahedron (an eight-sided geometric figure), creates an 

octahedral interstice (Figure 1.22). Figure 1.23 shows the locations of these interstitial sites 

within the FCC lattice. Note that there are eight total tetrahedral interstitial sites in FCC and 

there are four total octahedral interstitial sites in FCC (prove it!), which are counted in much 

the same way as we previously counted the total number of atoms in a unit cell. We will see 

later on that these interstitial sites play an important role in determining solubility of impurities 

and phase stability of alloys. Interstitial sites are the result of packing of the spheres. Recall 

from Figure 1.18 that the spheres touch along the face diagonal in FCC. Similarly, the spheres 

touch along the body diagonal in BCC and along an edge in SC. We should, then, be able to 

calculate the lattice parameter, a, or the length of a face edge, from a knowledge of the sphere 

radius. In SC, it should be evident that the side of a unit cell is simply 2r. Application of a little 

geometry should prove to you that in FCC, a = 4r/√ 2. The relationship between a and r for 

BCC is derived in Example Problem 1.4; other geometric relationships, including cell volume 

for cubic structures, are listed in Table 1.8. Finally, atomic radii for the elements can be found 

in Table 1.9. The radius of an atom is not an exactly defined quantity, and it can vary depending 

upon the bonding environment. 

 



 
 

Location of interstitial sites in FCC. 
 

 

Summary of the 14 Bravais space lattices. 



Orthorhombic crystals are similar to both tetragonal and cubic crystals because their coordinate 

axes are still orthogonal, but now all the lattice parameters are unequal. There are four types of 

orthorhombic space lattices: simple orthorhombic, face-centered orthorhombic, body-centered 

orthorhombic, and a type we have not yet encountered, base-centered orthorhombic. The first 

three types are similar to those we have seen for the cubic and tetragonal systems. The base-

centered orthorhombic space lattice has a lattice point (atom) at each corner, as well as a lattice 

point only on the top and bottom faces (called basal faces). All four orthorhombic space lattices 

are shown in Figure 1.20. There is only one space lattice in the rhombohedral crystal system. 

This crystal is sometimes called hexagonal R or trigonal R, so don‘t confuse it with the other 

two similarly-named crystal systems. The rhombohedral crystal has uniform lattice parameters 

in all directions and has equivalent interaxial angles, but the angles are nonorthogonal and are 

less than 120◦ . The crystal descriptions become increasingly more complex as we move to the 

monoclinic system. Here all lattice parameters are different, and only two of the interaxial 

angles are orthogonal. The third angle is not 90◦ . There are two types of monoclinic space 

lattices: simple monoclinic and base-centered monoclinic. The triclinic crystal, of which there 

is only one type, has three different lattice parameters, and none of its interaxial angles are 

orthogonal, though they are all equal. Finally, we revisit the hexagonal system in order to 

provide some additional details. The lattice parameter and interaxial angle conditions shown in 

Figure 1.20 for the hexagonal cell refer to what is called the primitive cell for the hexagonal 

crystal, which can be seen in the front quadrant of the extended cell in Figure 1.17. The 

primitive hexagonal cell has lattice points only at its corners and has one atom in the center of 

the primitive cell, for a basis of two atoms. A basis is a unit assembly of atoms identical in 

composition, arrangement, and orientation that is placed in a regular manner on the lattice to 

form a space lattice. You should be able to recognize that there are three equivalent primitive 

cells in the extended HCP structure. The HCP extended cell, which is more often used to 

represent the hexagonal structure, contains a total of six atoms, as we calculated earlier. In the 

extended structure, the ratio of the height of 38 THE STRUCTURE OF MATERIALS Table 

1.10 Axial Ratios for Some HCP Metals Metal c/a Be, Y 1.57 Hf, Os, Ru, Ti 1.58 Sc, Zr 1.59 

Tc, Tl 1.60 La 1.61 Co, Re 1.62 Mg 1.63 Zn 1.85 Cd 1.89 Ideal (sphere packing) 1.633 the cell 

to its base, c/a, is called the axial ratio. Table 1.10 lists typical values of the axial ratio for some 

common HCP crystals. A table of crystal structures for the elements can be found in Table 1.11 

(excluding the Lanthanide and Actinide series). Some elements can have multiple crystal 

structures, depending on temperature and pressure. This phenomenon is called allotropy 

and is very 



common in elemental metals (see Table 1.12). It is not unusual for closepacked crystals to 

transform from one stacking sequence to the other, simply through a shift in one of the layers 

of atoms. Other common allotropes include carbon (graphite at ambient conditions, diamond 

at high pressures and temperature), pure iron (BCC at room temperature, FCC at 912◦ C and 

back to BCC at 1394◦ C), and titanium (HCP to BCC at 882◦ C). 

 
1.3 Crystal Locations, Planes, and Directions. 

 
 

In order to calculate such important quantities as cell volumes and densities, we need to be able 

to specify locations and directions within the crystal. Cell coordinates specify a position in the 

lattice and are indicated by the variables u, v, w, separated by commas with no brackets: u 

distance along the lattice translation vector a v distance along the lattice translation vector b w 

distance along the lattice translation vector c 



 
 

 

 

Definition of Miller indices for an arbitrary plane 



Any planes that have common factors are parallel. For example, a (222) and a (111) plane are 

parallel, as are (442) and (221) planes. As with cell directions, a minus sign (in this case, 

indicating a negative intercept) is designated by an overbar. The (221) plane has intercepts at 

1/2, −1/2, and 1 along the x, y, and z axes, respectively. Some important planes in the cubic 

crystal system are shown in Figure 1.25. In a manner similar to that used to calculate the density 

of a unit cell, we can calculate the density of atoms on a plane, or planar density. The 

perpendicular intersection of a plane and sphere is a circle, so the radius of the atoms will be 

helpful in calculating the area they occupy on the plane. Refer back to Example Problem 1.4 

when we calculated the lattice parameter for a BCC metal. The section shown along the body 

diagonal is actually the (110) plane. The body-centered atom is entirely enclosed by this plane, 

and the corner atoms are located at the confluence of four adjacent planes, so each contributes 

1/4 of an atom to the (110) plane. So, there are a total of two atoms on the (110) plane. If we 

know the lattice parameter or atomic radius, we can calculate the area of the plane, Ap, the area 

occupied by the atoms, Ac, and the corresponding 

 

 

Interplanar Spacings. To this point, we have concentrated on planes in an isolated cell. A crystal 

lattice, of course, is composed of many individual unit cells, with the planes extending in all 

directions. So, a real crystal lattice has many (111) planes, for example, all of which are parallel 

to one another. There is a uniform distance between like planes in a lattice, which we call the 

interplanar spacing and designate with d, the perpendicular distance between adjacent planes 

in a set. Note that even though the (111) and (222) planes are parallel to one another, they are 

not the same plane, since their planar densities may be much different depending on the lattice 

(for example, compare these two planes in simple cubic). What we are calculating here is the 

perpendicular distance between the same plane in adjacent cells. 



1.4 Crystal structures 

 
 

Primitive lattice Cell 

An ideal crystal is constructed by the infinite repetition of identical structural units in space. In 

the simplest crystals the structural unit is a single atom, as in copper, silver, gold, iron, 

aluminium, and the alkali metals.The structure of all crystals can be described in terms of a 

lattice, with a group of atoms attached to every lattice point. The group of atoms is called the 

basis; when repeated in space it forms the crystal structure. The basis consists of a primitive 

cell, containing one single lattice point. Arranging one cell at each lattice point willfill up the 

entire crystal. 

Simple Crystal StructuresThere are several types of crystal structures. The simplest one is 

the simple cubic lattice (sc). Two other cubic lattices are the body-centered (bcc) and the 

face-centered (fcc) cubic lattice. 

 
1.5 Diamond and zinkblend lattice structures 

The diamond lattice structure is very common in semiconductor materials, Si, Ge. GaAs and 

GaP has a zinkblende lattice structure which is similar to the diamond lattice structure. The 

difference between the face-centered lattice structure and the diamond lattice structure is four 

atoms (see pictures). In the GaAs these four atoms are Ga-atoms and the rest are As-atoms. 



 
 

1.6 Point Defects 

 
 

Now that the most important aspects of perfect crystals have been described, it is time to 

recognize that things are not always perfect, even in the world of space lattices. This is not 

necessarily a bad thing. As we will see, many important materials phenomena that are based 

on defective structures can be exploited for very important uses. These defects, also known as 

imperfections, are grouped according to spatial extent Point defects have zero dimension; line 

defects, also known as dislocations, are onedimensional; and planar defects such as surface 

defects and grain boundary defects have two dimensions. These defects may occur individually 

or in combination. Let us first examine what happens to a crystal when we remove, add, or 

displace an atom in the lattice. We will then describe how a different atom, called an impurity 

(regardless of whether or not it is beneficial), can fit into an established lattice. As shown by 

Eq. (1.36), point defects have equilibrium concentrations that are determined by temperature, 

pressure, and composition. This is not true of all types of dimensional defects that we will 

study. 



 

Line Defects and Dislocations We now move on to defects that have some spacial extent, even 

if only in one dimension. As we continue to increase the geometric complexity of these defects, 

you may find it more difficult to visualize them. As with crystal structures, three- dimensional 

models may help you with visualization, and do not limit yourself to one representation of a 

specific defect—look for multiple views of the same thing. The first type of one-dimensional 

defect, or line defect, is called a dislocation. A dislocation is a linear disturbance of the atomic 

arrangement in a crystal caused by the displacement of one group of atoms from an adjacent 

group. There are three types of dislocations: edge dislocations, screw dislocations, and a 

combination of these two, termed mixed dislocations. An edge dislocation occurs when a single 

atomic plane does not extend completely through the lattice. The termination of this half-plane 

of atoms creates a defect line (dislocation line) in the  lattice (line DC in Figure 1.31). The edge 

dislocation is designated by a perpendicular sign, either ⊥ if the  plane is above the dislocation 

line or  if  the plane is below the dislocation  line. Edge dislocations can be quantified using a 

vector called the Burger‘s vector, b, which represents the relative atomic displacement in the 

lattice due to the dislocation (see Figure 1.32). The Burger‘s vector is determined as follows: ž 

Define a positive direction along the dislocation line. This is usually done into the crystal. 
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                         UNIT-II 

ALLOYS AND PHASE DIAGRAMS 

Many of the engineering materials possess mixtures of phases, e.g. steel, paints, and 

composites. The mixture of two or more phases may permit interaction between different 

phases, and results in properties usually are different from the properties of individual phases. 

Different components can be combined into a single material by means of solutions or mixtures. 

A solution (liquid or solid) is phase with more than one component; a mixture is a material 

with more than one phase. Solute does not change the structural pattern of the solvent, and the 

composition of any solution can be varied. In mixtures, there are different phases, each with its 

own atomic arrangement. It is possible to have a mixture of two different solutions! 

 
A pure substance, under equilibrium conditions, may exist as either of a phase namely vapor, 

liquid or solid, depending upon the conditions of temperature and pressure. A phase can be 

defined as a homogeneous portion of a system that has uniform physical and chemical 

characteristics i.e. it is a physically distinct from other phases, chemically homogeneous and 

mechanically separable portion of a system. In other words, a phase is a structurally 

homogeneous portion of matter. When two phases are present in a system, it is not necessary 

that there be a difference in both physical and chemical properties; a disparity in one or the 

other set of properties is sufficient. 

 
There is only one vapor phase no matter how many constituents make it up. For pure substance 

there is only one liquid phase, however there may be more than one solid phase because of 

differences in crystal structure. A liquid solution is also a single phase, even as a liquid mixture 

(e.g. oil and water) forms two phases as there is no mixing at the molecular level. In the solid 

state, different chemical compositions and/or crystal structures are possible so a solid may 

consist of several phases. For the same composition, different crystal structures represent 

different phases. A solid solution has atoms mixed at atomic level thus it represents a single 

phase. A single-phase system is termed as homogeneous, and systems composed of two or 

more phases are termed as mixtures or heterogeneous. Most of the alloy systems and 

composites are heterogeneous. 



It is important to understand the existence of phases under various practical conditions which 

may dictate the microstructure of an alloy, thus the mechanical properties and 

 
usefulness of it. Phase diagrams provide a convenient way of representing which state of 

aggregation (phase or phases) is stable for a particular set of conditions. In addition, phase 

diagrams provide valuable information about melting, casting, crystallization, and other 

phenomena. 

2.0 Useful terminology:- 

Component – is either pure metal and/or compounds of which an alloy is composed. The 

components of a system may be elements, ions or compounds. They refer to the independent 

chemical species that comprise the system. 

System – it can either refer to a specific body of material under consideration or it may relate 

to the series of possible alloys consisting of the same components but without regard to alloy 

composition. 

Solid solution – it consists of atoms of at least two different types where solute atoms occupy 

either substitutional or interstitial positions in the solvent lattice and the crystal structure of the 

solvent is maintained. 

Solubility limit – for almost all alloy systems, at a specific temperature, a maximum of solute 

atoms can dissolve in solvent phase to form a solid solution. The limit is known as solubility 

limit. In general, solubility limit changes with temperature. If solute available is more than  the 

solubility limit that may lead to formation of different phase, either a solid solution or 

compound. Equilibrium Phase Diagrams, Particle strengthening by precipitation and 

precipitation reactions 

 
2.1 Equilibrium Phase Diagrams 

 
 

A diagram that depicts existence of different phases of a system under equilibrium is termed as 

phase diagram. It is also known as equilibrium or constitutional diagram. Equilibrium phase 

diagrams represent the relationships between temperature and the compositions and the 

quantities of phases at equilibrium. In general practice it is sufficient to consider only solid and 

liquid phases, thus pressure is assumed to be constant (1 atm.) in most applications. These 

diagrams do not indicate the dynamics when one phase transforms into another. However, it 

depicts information related to microstructure and phase structure of a particular 



system in a convenient and concise manner. Important information, useful for the scientists and 

engineers who are involved with materials development, selection, and application in product 

design, obtainable from a phase diagram can be summarized as follows: 

 
- To show phases are present at different compositions and temperatures under slow 

cooling (equilibrium) conditions. 

- To indicate equilibrium solid solubility of one element/compound in another. 

- To indicate temperature at which an alloy starts to solidify and the range of 

solidification. 

- To indicate the temperature at which different phases start to melt. 

- Amount of each phase in a two-phase mixture can be obtained. 

 
 

A phase diagram is actually a collection of solubility limit curves. The phase fields in 

equilibrium diagrams depend on the particular systems being depicted. Set of solub 

Phase equilibrium – it refers to the set of conditions where more than one phase may exist. It 

can be reflected by constancy with time in the phase characteristics of a system. In most 

metallurgical and materials systems, phase equilibrium involves just solid phases. However the 

state of equilibrium is never completely achieved because of very slow rate of approach of 

equilibrium in solid systems. This leads to non -equilibrium or meta-stable state, which may 

persist indefinitely and of course, has more practical significance than equilibrium phases. An 

equilibrium state of solid system can be reflected in terms of characteristics of the 

microstructure, phases present and their compositions, relative phase amounts and their spatial 

arrangement or distribution. 

Variables of a system – these include two external variables namely temperature and pressure 

along with internal variable such as composition (C) and number of phases (P). Number of 

independent variables among these gives the degrees of freedom (F) or variance. All these are 

related for a chosen system as follows: 

 
P + F = C + 2 

 
 

which is known as Gibbs Phase rule. The degrees of freedom cannot be less than zero so that 

we have an upper limit to the number of phases that can exist in equilibrium for a given system. 

For practical purpose, in metallurgical and materials field, pressure can be considered 



as a constant, and thus the condensed phase rule is given as follows: 

 
 

P + F = C +1 

 
 

ility curves that represents locus of temperatures above which all compositions are liquid are 

called liquidus, while solidus represents set of solubility curves that denotes the locus of 

temperatures below which all compositions are solid. Every phase diagram for two or more 

components must show a liquidus and a solidus, and an intervening freezing range, except for 

pure system, as melting of a phase occurs over a range of temperature. Whether the components 

are metals or nonmetals, there are certain locations on the phase diagram where the liquidus 

and solidus meet. For a pure component, a contact point lies at the edge of the diagram. The 

liquidus and solidus also meet at the other invariant positions on the diagram. Each invariant 

point represents an invariant reaction that can occur only under a particular set of conditions 

between particular phases, so is the name for it! 

 
Phase diagrams are classified based on the number of components in the system. Single 

component systems have unary diagrams, two-component systems have binary diagrams, 

three-component systems are represented by ternary diagrams, and so on. When more than two 

components are present, phase diagrams become extremely complicated and difficult to 

represent. This chapter deals mostly with binary phase diagrams. 

 
Unary diagrams: In these systems there is no composition change (C=1), thus only variables 

are temperature and pressure. Thus in region of single phase two variables (temperature and 

pressure) can be varied independently. If two phases coexist then, according to Phase rule, 

either temperature or pressure can be varied independently, but not both. At triple points, three 

phases can coexist at a particular set of temperature and pressure. At these points, neither 

temperature nor the pressure can be changed without disrupting the equilibrium i.e. one of the 

phases may disappear. Figure-1 depicts phase diagram for water. 



 

 
 

 

 

Binary diagrams: These diagrams constitutes two components, e.g.: two metals (Cu and 

Ni), or a metal and a compound (Fe and Fe3C), or two compounds (Al2O3 and Si2O3), etc. In 

most engineering applications, as mentioned before, condensed phase rule is applicable. It is 

assumed that the same is applicable for all binary diagrams, thus the presentation of binary 

diagrams becomes less complicated. Thus binary diagrams are usually drawn showing 

variations in temperature and composition only. It is also to be noted that all binary systems 

consist only one liquid phase i.e. a component is completely soluble in the other component 

when both are in liquid state. 

 
Hence, binary systems are classified according to their solid solubility. If both the 

components are completely soluble in each  other,  the  system  is  called isomorphous 

system. E.g.: Cu-Ni, Ag-Au, Ge-Si, Al2O3-Cr2O3. Extent solid solubility for a system of two 

metallic components can be predicted based on Hume-Ruthery conditions, summarized in the 

following: 

 
- Crystal structure of each element of solid solution must be the same. 

- Size of atoms of each two elements must not differ by more than 15%. 

 
 

- Elements should not form compounds with each other i.e. there should be no 

appreciable difference in the electro-negativities of the two elements. 

- Elements should have the same valence. 



 

All the Hume- Rothery rules are not always applicable for all pairs of elements which show 

complete solid solubility. 

In systems other than isomorphous systems i.e. in case of limited solid solubility, there exist 

solid state miscibility gaps; number of invariant reactions can take place; intermediate phases 

may exist over a range of composition (intermediate solid solutions) or only at relatively fixed 

composition (compound). These intermediate phases may undergo polymorphic 

transformations, and some may melt at a fixed temperature (congruent transformations, in 

which one phase changes to another of the same composition at definite temperature). A solid 

solution based on a pure component and extending to certain finite compositions into a binary 

phase diagram is called a terminal solid solution, and the line representing the solubility limit 

of a terminal solid solution 

w.r.t a two-phase solid region is called a solvus line (figure-4). 

 
 

Isomorphous system: Figure -2 depicts a typical phase diagram for an isomorphous system 

made of two metallic elements A and B. As cited earlier, any phase diagram can be considered 

as a map. A set of coordinates – a temperature and a composition – is associated with each 

point in the diagram. If the alloy composition and temperature specified, then the phase diagram 

allows determination of the phase or phases that will present under equilibrium conditions. 

There are only two phases in the phase diagram, the liquid and the solid phases. These single-

phases regions are separated by a two-phase region where both liquid and solid co-exist. The 

area in the figure-2 above the line marked liquidus (A‘bB‘) corresponds to the region of 

stability of the liquid phase, and the area below the solidus line (A‘dB‘) represents the stable 

region for the solid phase. 

 
 

 

Figure-2: Phase diagram for typical isomorphous binary system. 



For the interpretation of the phase diagram, let‘s consider the vertical line ae drawn 

corresponding to composition of 50%A +50%B and assume that the system is undergoing 

equilibrium cooling. The point a on the line ae signifies that for that particular temperature 

and composition, only liquid phase is stable. This is true up to the point b which lies on the 

liquidus line, representing the starting of solidification. Completion of solidification of the 

alloy is represented by the point, d. Point e corresponds to single- phase solid region up to 

the room temperature. Point c lies in the two-phase region made of both liquid and solid 

phases. Corresponding micro-structural changes are also shown in figure-2. As shown in 

figure-2, above liquidus only a liquid phase exists, and below the solidus single solid phase 

exists as completely solidified grains. Between these two lines, system consist both solid 

crystals spread in liquid phase. It is customary to use L to represent liquid phase(s) and Greek 

alphabets (α, β, γ) for representing solid phases. 

 
Between two extremes of the horizontal axis of the diagram, cooling curves for different 

alloys are shown in figure-3 as a function of time and temperature. Cooling curves shown in 

figure-3 represent A, U’, X, V’ and B correspondingly in figure-2. Change in slope of the 

cooling curve is caused by heat of fusion. In fact these changes in slope are nothing but points 

on either solidus or liquidus of a phase diagram. An experimental procedure where repeated 

cooling/heating of an alloy at different compositions, and corresponding changes in slope of 

cooling curves will be used to construct the phase diagram. 

Figure-3: Cooling curves for isomorphous binary system. 



Another important aspect of interpreting phase diagrams along with phases present is 

finding the relative amount of phases present and their individual composition. 

Procedure to find equilibrium concentrations of phases: 

 
 

- A tie-line or isotherm (UV) is drawn across two-phase region to intersect the 

boundaries of the region. 

- Perpendiculars are dropped from these intersections to the composition axis, 

represented by U’ and V’ in figure-2, from which each of each phase is read. U’ 

represents composition of liquid phase and V’ represents composition of solid phase 

as intersection U meets liquidus line and V meets solidus line. 

 
Procedure to find equilibrium relative amounts of phases (lever rule): 

 
 

- A tie-line is constructed across the two phase region at the temperature of the alloy 

to intersect the region boundaries. 

- The relative amount of a phase is computed by taking the length of tie line from 

overall composition to the phase boundary for the other phase, and dividing by the 

total tie-line length. From figure-2, relative amounts of liquid and solid phases is 

given respectively by 

cV Uc 

CL  = UV , CS  = UV , and it is to be noted that CL +CS =1. 

 
Eutectic system: Many binary systems have components which have limited solid solubility, 

e.g.: Cu-Ag, Pb-Sn. The regions of limited solid solubility at each end of a phase diagram 

are called terminal solid solutions as they appear at ends of the diagram. 

Many of the binary systems with limited solubility are of eutectic type, which consists of 

specific alloy composition known as eutectic composition that solidifies at a lower 

temperature than all other compositions. This low temperature which corresponds to the 

lowest temperature at which the liquid can exist when cooled under equilibrium conditions 

is known as eutectic temperature. The corresponding point on the phase diagram is called 

eutectic point. When the liquid of eutectic composition is cooled, at or below eutectic 

temperature this liquid transforms simultaneously into two solid phases (two terminal solid 

solutions, represented by α and β). This transformation is known as eutectic reaction and is 



written symbolically as: 

Liquid (L) ↔ solid solution-1 (α) + solid solution-2 (β) 

This eutectic reaction is called invariant reaction as it occurs under equilibrium conditions at 

a specific temperature and specific composition which can not be varied. Thus, this reaction 

is represented by a thermal horizontal arrest in the cooling curve of an alloy of eutectic 

composition. A typical eutectic type phase diagram is shown in figure-4 along with a cooling 

curve. 

As shown in figure-4, there exist three single phase regions, namely liquid (L), α and β 

phases. There also exist three two phase regions: L+α, L+β and α+β. These three two phase 

regions are separated by horizontal line corresponding to the eutectic temperature. Below the 

eutectic temperature, the material is fully solid for all compositions. Compositions and 

relative amount of the phases can be determined using tie-lines and lever rule. Compositions 

that are on left-hand-side of the eutectic composition are known as hypo- eutectic 

compositions while compositions on right-hand-side of the eutectic composition are called 

hyper-eutectic compositions. Development of micro -structure and respective cooling curves 

for eutectic alloys are shown in figure-5, 6, 7 and 8 for different compositions. The phase 

that forms during cooling but before reaching eutectic 

 

temperature is called pro-eutectic phase. 

 

 
Figure-4: Typical phase diagram for a binary eutectic system. 

 

 
In many systems, solidification in the solid + liquid region may lead to formation of 



layered (cored) grains, even at very slow cooling rates. This is as a result of very slow or no-

diffusion in solid state compared with very high diffusion rates in liquids. The composition 

of the liquid phase evolves by diffusion, following the equilibrium values that can be derived 

from the tie-line method. However, new layers that solidify on top of the grains have the 

equilibrium composition at that temperature but once they are solid their composition does 

not change. 

 

 

 
 

 

Figure-5: Cooling curve and micro-structure development for eutectic alloy that 

passes mainly through terminal solid solution. 
 

 

 

 

 
Figure-6: Cooling curve and micro-structure development for eutectic alloy that 

passes through terminal solid solution without formation of eutectic solid. 



 

 
 

 

Figure-7: Cooling curve and micro-structure development for eutectic alloy that passes 

through hypo-eutectic region. 

 

 

 

 

 

 

Figure-8: Cooling curve and micro-structure development for eutectic alloy that passes 

through eutectic-point. 



2. 3 Invariant reactions: 

The eutectic reaction, in which a liquid transforms into two solid phases, is just one of the 

possible three-phase invariant reactions that can occur in binary systems those are not 

isomorphous. Schematically it can be shown as in figure-9. It represents that a liquid phase, L, 

transforms into two different solids phases (α and β) upon cooling during the eutectic reaction. 

 
 

Figure-9: Schematic of eutectic invariant reaction. 

 
 

In the solid state analog of a eutectic reaction, called a eutectoid reaction, one solid phase 

having eutectoid composition transforms into two different solid phases. Another set of 

invariant reactions that occur often in binary systems are - peritectic reaction where a solid 

phase reacts with a liquid phase to produce a new solid phase, and in peritectoid reaction, 

two solid phases react to form a new solid phase. Peritectic reaction is commonly present  as 

part of more-complicated binary diagrams, particularly if the melting points of the two 

components are quite different. Peritectic and peritectoid reactions do not give rise to micro-

constituents as the eutectic and eutectoid reactions do. Another invariant reaction that 

involves liquid phase is monotectic reaction in which a liquid phase transforms into a solid 

phase and a liquid phase of different composition. Over a certain range of compositions the 

two liquids are immiscible like oil and water and so constitute individual phases, thus 

monotectic reaction can said to be associated with miscibility gaps in the liquid state. 

Example system for monotectic reaction: Cu-Pb at 954 C and 36%Pb. Analog to monotectic 

reaction in solid state is monotectoid reaction in which a solid phase transforms to produce 

two solid phases of different compositions. Another notable  invariant reaction that is 

associated with liquid immiscibility is syntectic reaction in which two liquid phases react to 

form a solid phase. All the invariant reactions are summarized in the table-1 showing both 

symbolic reaction and schematic part of phase diagram. 



 

 

Table-1: Summary of invariant reactions in binary systems. 
 

Reaction Symbolic equation Schematic presentation Example 

Eutectic L ↔ α + β 
 Fe-C, 4.27% C, 

1147 C 

Eutectoid α ↔ β + γ 
 Fe-C, 0.80% C, 

723 C 

Peritectic L + α ↔ β 
 Fe-C, 0.16%C, 

1495 C 

Peritectoid α + β ↔ γ 
  

Monotectic L1 ↔ L2 + α 
 Fe-C, 0.51%C, 

1495 C 

 

 
 

Intermediate phases: An intermediate phase may occur over a composition range (intermediate 

solid solution) or at a relatively fixed composition (compound) inside the phase diagram and 

are separated from other two phases in a binary diagram by two phase regions. Many phase 

diagrams contain intermediate phases whose occurrence cannot be readily predicted from the 

nature of the pure components. Intermediate solid solutions often have higher electrical 

resistivities and hardnesses than either of the two components. Intermediate compounds form 

relatively at a fixed composition when there exists a stoichiometric relationship between the 

components, for 

example: Mg2Ni and MgNi2 in Mg- Ni system. These are called inter-metallic compounds, 

and differ from other chemical compounds in that the bonding is primarily metallic rather than 

ionic or covalent, as would be found with compounds in certain metal-nonmetal or ceramic 

systems. 

Some metal-nonmetal compounds, Fe3C, are metallic in nature, whereas in others, MgO and 

Mg2Si, bonding is mainly covalent. When using the lever rules, inter-metallic compounds are 

treated like any other phase, except they appear not as a wide region but as a vertical line. 

 
Number of phase transformations may takes place for each system. Phase transformations in 

which there are no compositional alternations are said to be congruent transformations, and 

during incongruent transformations at least one of the phases will experience a change in 



composition. Examples for (1) congruent transformations: allotropic transformations, and 

melting of pure materials (2) incongruent transformations: all invariant reactions, and also 

melting of alloy that belongs to an isomorphous system. Intermediate phases are sometimes 

classified on the basis of whether they melt congruently or incongruently. MgNi2, for 

example, 

melts congruently whereas Mg2Ni melts incongruently since it undergoes peritectic 

decomposition 

 
2.4 The iron – carbon system, phase transformations 

 
 

A study of iron-carbon system is useful and important in many respects. This is because 

(1) steels constitute greatest amount of metallic materials used by man (2) solid state 

transformations that occur in steels are varied and interesting. These are similar to  those occur 

in many other systems and helps explain the properties. 

 
Iron-carbon phase diagram shown in figure-16 is not a complete diagram. Part of the diagram 

after 6.67 wt% C is ignored as it has little commercial significance. The 6.67%C 

represents the composition where an inter-metallic compound, cementite (Fe3C), with 

solubility limits forms. In addition, phase diagram is not true equilibrium diagram because 

cementite is not an equilibrium phase. However, in ordinary steels decomposition of cementite 

into graphite never observed because nucleation of cementite is much easier than that of 

graphite. Thus cementite can be treated as an equilibrium phase for practical  purposes. 



Iron – Iron carbide phase diagram. 
 

 

 

 
 

The Fe -Fe3C is characterized by five individual phases and four invariant reactions. Five 

phases that exist in the diagram are: α–ferrite (BCC) Fe-C solid solution, γ-austenite 

(FCC) Fe-C solid solution, δ-ferrite (BCC) Fe-C solid solution, Fe3C (iron carbide) or 

cementite - an inter-metallic compound and liquid Fe-C solution. Four invariant reactions that 

cause transformations in the system are namely eutectoid, eutectic, monotectic and peritectic. 

 
As depicted by left axes, pure iron upon heating exhibits two allotropic changes. One involves 

α–ferrite of BCC crystal structure transforming to FCC austenite, γ-iron, at 910C. 

 
Carbon present in solid iron as interstitial impurity, and forms solid solution with ferrites 



/ austenite as depicted by three single fields represented by α, γ and δ. Carbon dissolves least 

in α–ferrite in which maximum amount of carbon soluble is 0.02% at 723 C. This limited 

solubility is attributed to shape and size of interstitial position in BCC α– ferrite. However, 

carbon present greatly influences the mechanical properties of α– ferrite. α– 

ferrite can be used as magnetic material below 768 

γ-iron 

C . Solubility of carbon in 

reaches its maximum, 2.11%, at a temperature of 1147 

carbon in 

C . Higher solubility of 

austenite is attributed to FCC structure and corresponding interstitial sites. Phase 

transformations involving austenite plays very significant role in heat treatment of different 

steels. Austenite itself is non-magnetic. Carbon solubility in δ-ferrite is maximum (0.1%) at 

1495 C. As this ferrite exists only at elevated temperatures, it is of 

no commercial importance. Cementite, Fe3C an inter-metallic compound forms when amount 

of carbon present exceeds its solubility limit at respective temperatures. Out of these four solid 

phases, cementite is hardest and brittle that is used in different forms to increase the strength 

of steels. α–ferrite, on the other hand, is softest and act as matrix of a composite material. By 

combining these two phases in a solution, a material‘s properties can be varied over a large 

range. 

 
For technological convenience, based on %C dissolved in it, a Fe-C solution is classified as: 

commercial pure irons with less than 0.008%C; steels having %C between 0.008- 2.11; while 

cast irons have carbon in the range of 2.11%-6.67%. Thus commercial pure iron is composed 

of exclusively α–ferrite at room temperature. Most of the steels and cast irons contain both α– 

ferrite and cementite. However, commercial cast irons are not simple alloys of iron and carbon 

as they contain large quantities of other elements such as silicon, thus better consider them as 

ternary alloys. The presence of Si promotes the formation of graphite instead of cementite. 

Thus cast irons may contain carbon in form of both graphite and cementite, while steels will 

have carbon only in combined from as cementite. 

 
As shown in figure-16, and mentioned earlier, Fe-C system constitutes four invariant reactions: 

Product phase of eutectic reaction is called ledeburite, while product from eutectoid reaction is 

called pearlite. During cooling to room temperature, ledeburite transforms into pearlite and 



cementite. At room temperature, thus after equilibrium cooling, Fe- C diagram consists of 

either α–ferrite, pearlite and/or cementite. Pearlite is actually not a single phase, but a micro - 

constituent having alternate thin layers of α–ferrite (~88%) and 

Fe3C, cementite (~12%). Steels with less than 0.8%C (mild steels up to 0.3%C, medium carbon 

steels with C between 0.3%-0.8% i.e. hypo-eutectoid Fe-C alloys) i.e. consists pro- eutectoid 

α–ferrite in addition to pearlite, while steels with carbon higher than 0.8% (high- carbon steels 

i.e. hyper-eutectoid Fe-C alloys) consists of pearlite and pro- eutectoid cementite. Phase 

transformations involving austenite i.e. processes those involve eutectoid reaction are of great 

importance in heat treatment of steels. 

 
In practice, steels are almost always cooled from the austenitic region to room temperature. 

During the cooling upon crossing the boundary of the single phase γ-iron, first pro-eutectoid 

phase (either α–ferrite or cementite) forms up to eutectoid temperature. With further cooling 

below the eutectoid temperature, remaining austenite decomposes to eutectoid product called 

pearlite, mixture of thin layers of α–ferrite and cementite. Though pearlite is not a phase, 

nevertheless, a constituent because it has a definite appearance under the microscope and can 

be clearly identified in a structure composed of several constituents. The decomposition of 

austenite to form pearlite occurs by nucleation and growth. Nucleation, usually, occurs 

heterogeneously and rarely homogeneously at grain boundaries. When it is not homogeneous, 

nucleation of pearlite occurs both at grain boundaries and in the grains of austenite. When 

austenite forms pearlite at a constant temperature, the spacing between adjacent lamellae of 

cementite is very nearly constant. For a given colony of pearlite, all cementite plates have a 

common orientation in space, and it is also true for the ferrite plates. Growth of pearlite colonies 

occurs not only by the nucleation of additional lamellae but also through an advance at the ends 

of the lamellae. Pearlite growth also involves the nucleation of new colonies at the interfaces 

between established colonies and the parent austenite. The thickness ratio of the ferrite and 

cementite layers in pearlite is approximately 8 to 1. However, the absolute layer thickness 

depends on the temperature at which the isothermal transformation is allowed to occur. 

 
The temperature at which austenite is transformed has a strong effect on the inter- lamellar 

spacing of pearlite. The lower the reaction temperature, the smaller will be inter- lamellar 

spacing. For example, pearlite spacing is in order of 10-3 mm when it formed at 700 C, 



while spacing is in order of 10-4 mm when formed at 600 C . The spacing of the pearlite 

lamellae has a practical significance because the hardness of the resulting structure depends 

upon it; the smaller the spacing, the harder the metal. The growth rate of pearlite is also a strong 

function of temperature. At temperatures just below the eutectoid, the growth rate increases 

rapidly with decreasing temperature, reaching a maximum at 600 C, and then decreases again 

at lower temperatures. 

 
Additions of alloying elements to Fe-C system bring changes (alternations to positions of phase 

boundaries and shapes of fields) depends on that particular element and its concentration. 

Almost all alloying elements causes the eutectoid concentration to decrease, and most of the 

alloying elements (e.g.: Ti, Mo, Si, W, Cr) causes the eutectoid temperature to increase while 

some other (e.g.: Ni, Mn) reduces the eutectoid temperature. Thus alloying additions alters the 

relative amount of pearlite and pro- eutectoid phase that form. 

 
Fe-C alloys with more than 2.11% C are called cast irons. Phase transformations in cast irons 

involve formation of pro-eutectic phase on crossing the liquidus. During the further cooling, 

liquid of eutectic composition decomposes in to mixture of austenite and cementite, known as 

ledeburite. On further cooling through eutectoid temperature, austenite decomposes to pearlite. 

The room temperature microstructure of cast irons thus consists of pearlite and cementite. 

Because of presence of cementite, which is hard, brittle and white in color, product is called 

white cast iron. However, depending on cooling rate and other alloying elements, carbon in 

cast iron may be present as graphite or cementite. Gray cast iron contains graphite in form of 

flakes. These flakes are sharp and act as stress risers. Brittleness arising because of flake shape 

can be avoided by producing graphite in spherical nodules, as in malleable cast iron and SG 

(spheroidal graphite) cast iron. Malleable cast iron is produced by heat treating white cast iron 

(Si < 1%) for prolonged periods at about 900 C 

and then cooling it very slowly. The cementite decomposes and temper carbon appears 

approximately as spherical particles. SG iron is produced by adding inoculants to molten  iron. 

In these Si content must be about 2.5%, and no subsequent heat treatment is required. 

 
Transformation rate effects and TTT diagrams, Microstructure and Property Changes in Fe-C 

Alloys 

Solid state transformations, which are very important in steels, are known to be dependent on 



diagram for a eutectoid Fe-C alloy. 

time at a particular temperature, as shown in figure-14(b). Isothermal transformation diagram, 

also known as TTT diagram, measures the rate of transformation at a constant temperature 

i.e. it shows time relationships for the phases during isothermal transformation. Information 

regarding the time to start the transformation and the time required to complete the 

transformation can be obtained from set of TTT diagrams. One such set of diagram for reaction 

of austenite to pearlite in steel is shown in figure-17. The diagram is not complete in the sense 

that the transformations of austenite that occur at temperatures below about 550 C are not 

shown. 

 

 

 

 

 

 

 

 

 

 

 
2.5 Partial TTT 

As mentioned in previous section, thickness of layers in pearlite depends on the temperature 

at which the transformation occurred. If the transformation took place at a temperature that 

is just below the eutectoid temperature, relatively thick layers of α– ferrite and cementite are 

produced in what is called coarse pearlite. This is because of high diffusion rates of carbon 

atoms. Thus with decreasing transformation temperature,  sluggish movement of carbon 

results in thinner layers α–ferrite and cementite i.e. fine pearlite is produced. 

 
At transformation temperatures below 550 C, austenite results  in  different  product  known 

as bainite. Bainite also consists of α–ferrite and cementite phases i.e. transformation is again 

diffusion controlled but morphologically it consists of very small particles of cementite 

within or between fine ferrite plates. Bainite forms needles or plates, depending on the 

temperature of the transformation; the microstructural details of bainite are so fine that their 

resolution is only possible using electron microscope. It differs from pearlite in the sense that 

different mechanism is involved in formation ob bainite which does not have alternating 

layers of α–ferrite and cementite. In addition, because of equal growth rates in 



all directions pearlite tends to form spherical colonies, whereas bainite grows as plates and 

has a characteristic acicular (needlelike) appearance. Upper bainite, formed at the upper end 

of the temperature range (550 C-350 C), is 

characterized by relatively coarse, irregular shaped cementite particles in α–ferrite plates. If 

the transformation  is taking place at  lower  temperatures  (350   C-250   C),   the  α– ferrite 

plates assume a more regular needlelike shape, and the transformation product is called lower 

bainite. At the same time carbide particles become smaller in size and appear as cross-

striations making an angle of about 55 

to the axis of the α–ferrite plate. Upper bainite has large rod-like cementite regions, whereas 

lower bainite has much finer cementite particles as a result of sluggish diffusion of carbon 

atoms at lower temperatures. Lower bainite is considerably harder than upper bainite. 

Another characteristic of bainite is that as it has crystallographic orientation that is similar to 

that found in simple ferrite nucleating from austenite, it is believed that bainite is nucleated 

by the formation of ferrite. This is in contrast to pearlite which is believed to be nucleated by 

formation of cementite. 

 
Basically, bainite is a transformation product that is not as close to equilibrium as pearlite. 

The most puzzling feature of the bainite reaction is its dual nature. In a number of  respects, 

it reveals properties that are typical of a nucleation and growth type of transformation such 

as occurs in the formation pearlite and also a mixture of α–ferrite and cementite though of 

quite different morphology (no alternate layers), but at the same time it differs from the 

Martensite as bainite formation is athermal and diffusion controlled though its 

microstructure is characterized by acicular (needlelike) appearance. 



reaction product is bainite only. Thus bainite transformation is favored at a high degree 

of supercooling, transformations are competitive with each other. 

 

 
Complete TTT (isothermal transformation) diagram for eutectoid steel. 

As explained in earlier section, martensitic transformation can dominate the proceedings if 

steel is cooled rapid enough so that diffusion of carbon can be arrested. Transformation of 

austenite to Martensite is diffusion-less, time independent and the extent of transformation 

depends on the transformation temperature. Martensite is a meta-stable phase and 

decomposes into ferrite and pearlite but this is extremely slow (and not noticeable) at room 

temperature. Alloying additions retard the formation rate of pearlite and bainite, thus 

rendering the martensitic transformation more competitive. Start of the 

transformation is designated by Ms, while the completion is designated by Mf in a 

transformation diagram. Martensite forms in steels possesses a body centered tetragonal 

crystal structure with carbon atoms occupying one of the three interstitial sites available. This 

is the reason for characteristic structure of steel Martensite instead of general BCC. 

Tetragonal distortion caused by carbon atoms increases with increasing carbon content and 

so is the hardness of Martensite. Austenite is slightly denser than Martensite, and therefore, 

during the phase transformation upon quenching, there is a net volume increase. If relatively 

large pieces are rapidly quenched, they may crack as a result of internal stresses, especially 

when carbon content is more than about 0.5%. 



 

Mechanically, Martensite is extremely hard, thus its applicability is limited by brittleness 

associated with it. Characteristics of steel Martensite render it unusable for structural 

applications in the as-quenched form. However, structure and thus the properties can be 

altered by tempering, heat treatment observed below eutectoid temperature to permit 

diffusion of carbon atoms for a reasonable period of time. During tempering, carbide 

particles attain spherical shape and are distributed in ferrite phase – structure called 

spheroidite. Spheroidite is the softest yet toughest structure that steel may have. At lower 

tempering temperature, a structure called tempered Martensite forms with similar 

microstructure as that of spheroidite except that cementite particles are much, much smaller. 

The tempering heat treatment is also applicable to pearlitic and bainitic structures. This 

mainly results in improved machinability. The mechanism of tempering appears  to  be first 

the precipitation of fine particles of hexagonal ε-carbide of 

composition about Fe2.4C from Martensite, decreasing its tetragonality. At higher 

temperatures or with increasing tempering times, precipitation of cementite begins and is 

accompanied by dissolution of the unstable ε-carbide. Eventually the Martensite loses its 

tetragonality and becomes BCC ferrite, the cementite coalesces into spheres. A schematic of 

possible transformations involving austenite decomposition are shown in figure-19. 

 

 

 

 

 
2.6 Possible transformation involving austenite decomposition. 

 
 

Tempering of some steels may result in a reduction of toughness what is known as temper 

embrittlement . This may be avoided by (1) compositional control, and/or (2) tempering 

above 575 or below 375, followed by quenching to room temperature. The effect is greatest 



in Martensite structures, less severe in bainitic structures and least severe in pearlite 

structures. It appears to be associated with the segregation of solute atoms to the grain 

boundaries lowering the boundary strength. Impurities responsible for temper brittleness are: 

P, Sn, Sb and As. Si reduces the risk of embrittlement by carbide formation. Mo has a 

stabilizing effect on carbides and is also used to minimize the risk of temper brittleness in 

low alloy steels. 

 
TTT diagrams are less of practical importance since an alloy has to be cooled rapidly and 

then kept at a temperature to allow for respective transformation to take place. However, 

most industrial heat treatments involve continuous cooling of a specimen to room 

temperature. Hence, Continuous Cooling Transformation (CCT) diagrams are generally 

more appropriate for engineering applications as components are cooled (air cooled, furnace 

cooled, quenched etc.) from a processing temperature as this is more economic than 

transferring to a separate furnace for an isothermal treatment. CCT diagrams measure the 

extent of transformation as a function of time for a continuously decreasing temperature. For 

continuous cooling, the time required for a reaction to begin and end is delayed, thus the 

isothermal curves are shifted to longer times and lower temperatures. 

 
Both TTT and CCT diagrams are, in a sense, phase diagrams with added parameter in form 

of time. Each is experimentally determined for an alloy of specified composition. These 

diagrams allow prediction of the microstructure after some time period for constant 

temperature and continuous cooling heat treatments, respectively. Normally, bainite will not 

form during continuous cooling because all the austenite will have transformed to pearlite by 

the time the bainite transformation has become possible. Thus, as shown in figure-20, region 

representing austenite-pearlite transformation terminates just below the nose. 



 
 

Fe-Fe3C Phase Diagram 

Figure 1 shows the equilibrium diagram for combinations of carbon in a solid solution 

of iron. The diagram shows iron and carbons combined to form Fe-Fe3C at the 6.67%C end 

of the diagram. The left side of the diagram is pure iron combined with carbon, resulting in 

steel alloys. Three significant regions can be made relative to the steel portion of the diagram. 

They are the eutectoid E, the hypoeutectoid A, and the hypereutectoid B. The right side of 

the pure iron line is carbon in combination with various forms of iron called alpha iron 

(ferrite), gamma iron (austenite), and delta iron. The black dots mark clickable sections of 

the diagram. 

 
Allotropic changes take place when there is a change in crystal lattice structure. From 

2802º-2552ºF the delta iron has a body-centered cubic lattice structure. At 2552ºF, the lattice 

changes from a body-centered cubic to a face-centered cubic lattice type. At 
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1400ºF, the curve shows a plateau but this does not signify an allotropic change. It is called 

the Curie temperature, where the metal changes its magnetic properties. 

 
Two very important phase changes take place at 0.83%C and at 4.3% C. At 

0.83%C, the transformation is eutectoid, called pearlite. 

 
gamma (austenite) --> alpha + Fe3C (cementite) 

 

At 4.3% C and 2066ºF, the transformation is eutectic, called ledeburite. 

L(liquid) --> gamma (austenite) + Fe3C (cementite) 

Steels 

 
Steels are alloys of iron and carbon plus other alloying elements. In steels, carbon present in 

atomic form, and occupies interstitial sites of Fe microstructure. Alloying additions are 

necessary for many reasons including: improving properties, improving corrosion resistance, 

etc. Arguably steels are well known and most used materials than any other materials. 

Mechanical properties of steels are very sensitive to carbon content. Hence, it is practical to 

classify steels based on their carbon content. Thus steels are basically three kinds: low- carbon 

steels (% wt of C < 0.3), medium carbon steels (0.3 <% wt of C < 0.6) and high- carbon steels 

(% wt of C > 0.6). The other parameter available for classification of steels is amount of 

alloying additions, and based on this steels are two kinds: (plain) carbon steels and alloy-

steels. 

Low carbon steels: These are arguably produced in the greatest quantities than other alloys. 

Carbon present in these alloys is limited, and is not enough to strengthen these materials by 

heat treatment; hence these alloys are strengthened by cold work. Their microstructure 

consists of ferrite and pearlite, and these alloys are thus relatively soft, ductile combined with 

high toughness. Hence these materials are easily machinable and weldable. Typical 

applications of these alloys include: structural shapes, tin cans, automobile body components, 

buildings, etc. 

A special group of ferrous alloys with noticeable amount of alloying additions are known as 

HSLA (high-strength low-alloy) steels. Common alloying elements are: Cu, V, Ni, W, Cr, 

Mo, etc. These alloys can be strengthened by heat treatment, and yet the same time they are 

ductile, formable. Typical applications of these HSLA steels include: support columns, 
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bridges, pressure vessels. 

 
Medium carbon steels: These are stronger than low carbon steels. However these are of less 

ductile than low carbon steels. These alloys can be heat treated to improve their strength. 

Usual heat treatment cycle consists of austenitizing, quenching, and tempering at suitable 

conditions to acquire required hardness. They are often used in tempered condition. As 

hardenability of these alloys is low, only thin sections can be heat treated using very high 

quench rates. Ni, Cr and Mo alloying additions improve their 

hardenability. Typical applications include: railway tracks & wheels, gears, other machine 

parts which may require good combination of strength and toughness. 

High carbon steels: These are strongest and hardest of carbon steels, and of course their 

ductility is very limited. These are heat treatable, and mostly used in hardened and tempered 

conditions. They possess very high wear resistance, and capable of holding sharp edges. Thus 

these are used for tool application such as knives, razors, hacksaw blades, etc. With addition 

of alloying element like Cr, V, Mo, W which forms hard carbides by reacting with carbon 

present, wear resistance of high carbon steels can be improved considerably. 

Stainless steels: The name comes from their high resistance to corrosion i.e. they are rust- less 

(stain-less). Steels are made highly corrosion resistant by addition of special alloying 

elements, especially a minimum of 12% Cr along with Ni and Mo. Stainless steels are mainly 

three kinds: ferritic & hardenable Cr steels, austenitic and precipitation hardenable 

(martensitic, semi- austenitic) steels. This classification is based on prominent constituent of 

the microstructure. Typical applications include cutlery, razor blades, surgical knives, etc. 

Ferritic stainless steels are principally Fe-Cr-C alloys with 12-14% Cr. They also contain 

small additions of Mo, V, Nb, and Ni. 

Austenitic stainless steels usually contain 18% Cr and 8% Ni in addition to other minor 

alloying elements. Ni stabilizes the austenitic phase assisted by C and N. Other alloying 

additions include Ti, Nb, Mo (prevent weld decay), Mn and Cu (helps in stabilizing austenite). 

By alloying additions, for martensitic steels Ms is made to be above the room temperature. 

These alloys are heat treatable. Major alloying elements are: Cr, Mn and Mo
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      UNIT-III 

     HEAT TREATMENT 
 

Thermal processing of metals and alloys 

 
Apart from mechanical processing, metals are very often subjected to thermal processing for 

various reasons, like: to refine grain structure/size, to minimize residual stresses, to impart 

phase changes, to develop special phases over external surfaces, etc. Metals and alloys 

develop requisite properties by thermal processing either through grain refinement of phase 

changes. Thermal processing is also known as heat treatment. Heat treatment originated as an 

ancient art in man‘s attempts to improve the performance of materials in their practical 

applications. In present day metallurgical practice, heat treatment has become very important 

for obvious reasons. There has been tremendous progress over centuries in the systematic 

understanding of materials structure and structure-property relationships that eliminated the 

empiricism in thermal processing. Properly designed and implemented thermal processing can 

result in optimum modifications in the composition and distribution of phases, corresponding 

changes in physical, chemical and mechanical properties at substantial levels. However, most 

of the thermal processes are aimed to improving mechanical characteristics of materials. Thus 

it is possible to extend the service performance of materials considerably within constraints 

of available resources. 

All metals can be subjected to thermal processing. But the effect of it may differ from one 

metal to another. Metals are subjected to heat treatment for one or more of the following 

purposes: improvement in ductility; relieving internal stresses; grain size refinement; increase 

of strength; improvement in machinability, toughness; etc. 

Heat treatment of materials involves number of factors – temperature up to which material is 

heated, length of time that the material is held at the elevated temperature, rate of cooling, and 

the surrounding atmosphere under the thermal treatment. All these factors depend on material, 

pre-processing of the material‘s chemical composition, size and shape of the object, final 

properties desired, material‘s melting point/liquidus, etc. 



Thermal processes may be broadly classified into two categories based on cooling rates from 

elevated temperatures – annealing and quenching & tempering. Annealing involved cooling 

the material from elevated temperatures slowly, while quenching means very fast cooling of 

the material using cooling medium like water/oil bath. Quenching is done to retain the phases 

of elevated temperatures at room temperature. 

Annealing processes 

 

The term annealing was used by craftsmen who discovered the beneficial effects of heating 

the material at elevated temperatures followed by slow cooling of it to room temperature. 

Annealing can be defined as a heat treatment process in which the material is taken to a high 

temperature, kept there for some time and then cooled. High temperatures allow diffusion 

processes to occur fast. The time at the high temperature (soaking time) must be long enough 

to allow the desired transformation to occur. Cooling is done slowly to avoid the distortion 

(warping) of the metal piece, or even cracking, caused by stresses induced by differential 

contraction due to thermal 

inhomogeneities. Benefits of annealing are: 

 
• relieve stresses 

 
• increase softness, ductility and toughness 

 
• produce a specific microstructure 

 
Depending on the specific purpose, annealing is classified into various types: process 

annealing, stress relief, full annealing and normalizing. 

Process annealing is primarily applied to cold worked metals to negate the effects of cold 

work. During this heat treatment, material becomes soft and thus its ductility will be increased 

considerably. It is commonly sandwiched between two cold work operations. During this, 

recovery and recrystallization are allowed whereas grain growth was restricted. 

Stress relief operation removes the stresses that might have been generated during plastic 

deformation, non-uniform cooling, or phase transformation. Unless removed, these stresses 

may cause distortion of components. Temperature used is normally low such that effects 

resulting from cold working are not affected. 

Full annealing is normally used for products that are to be machined subsequently, such as 

transmission gear blanks. After heating and keeping at an elevated temperature, components 



are cooled in furnace to effect very slow cooling rates. Typically, the product receives 

additional heat treatments after machining to restore hardness and strength. 

Normalizing is used to refine the grains and produce a more uniform and desirable size 

distribution. It involves heating the component to attain single phase (e.g.: austenite in steels), 

then cooling in open air atmosphere. 

Quenching and Tempering processes 

 

Quenching is heat treatment process where material is cooled at a rapid rate from elevated 

temperature to produce Martensite phase. This process is also known as hardening. Rapid 

cooling rates are accomplished by immersing the components in a quench bath that usually 

contains quench media in form of either water or oil, accompanied by stirring mechanism. 

Quenching process is almost always followed by tempering heat treatment. Tempering is the 

process of heating martensitic steel at a temperature below the eutectoid transformation 

temperature to make it softer and more ductile. During the tempering process, Martensite 

transforms to a structure containing iron carbide particles in a matrix of ferrite. 

Martempering is a modified quenching procedure used to minimize distortion and cracking 

that may develop  during  uneven  cooling  of  the  heat-treated  material.  It  involves cooling 

the 

austenized steel to temperature just above Ms temperature, holding it there until temperature 

is uniform, followed by cooling at a moderate rate to room temperature before austenite-to- 

bainite transformation begins. The final structure of martempered steel is tempered 

Martensite. 

Austempering is different from martempering in the sense that it involves austenite- to- 

bainite transformation. Thus, the structure of austempered steel is bainite. Advantages of 

austempering are – improved ductility; decreased distortion and disadvantages are – need for 

special molten bath; process can be applied to limited number of steels. 

Case Hardening 

 

In case hardening, the surface of the steel is made hard and wear resistant, but the core remains 

soft and tough. Such a combination of properties is desired in applications such as gears. 



Induction hardening 

 

Here, an alternating current of high frequency passes through an induction coil enclosing the 

steel part to be heat treated. The induced emf heats the steel. The depth up to which the heat 

penetrates and raises the temperature above the elevated temperature is inversely proportional 

to the square root of the ac frequency. In induction hardening, the heating time is usually a 

few seconds. Immediately after heating, water jets are activated to quench the surface. 

Martensite is produced at the surface, making it hard and wear resistant. The microstructure 

of the core remains unaltered. Induction hardening is suitable for mass production of articles 

of uniform cross-section. 

Flame hardening 

 

For large work pieces and complicated cross-sections induction heating is not easy to apply. 

In such cases, flame hardening is done by means of an oxyacetylene torch. Heating should be 

done rapidly by the torch and the surface quenched, before appreciable heat transfer to the 

core occurs 

Laser hardening 

 

In this case, a laser beam can be used for surface hardening. As laser beams are of high 

intensity, a lens is used to reduce the intensity by producing a defocused spot of size ranging 

from 0.5 to 25 mm. Proper control of energy input is necessary to avoid melting. Laser 

hardening has the advantage of precise control over the area to be hardened, an ability to 

harden reentrant surfaces, very high speed of hardening and no separate quenching step. The 

disadvantage is that the hardening is shallower than in induction and flame hardening 

Carburizing 

 

Carburizing is the most widely used method of surface hardening. Here, the surface layers of 

low carbon steel are enriched with carbon up to 0.8-1.0%. The source of carbon may be a solid 

medium, a liquid or a gas. In all cases, the carbon enters the steel at the surface and diffuses 

intothe steel as a function of time at an elevated temperature. Carburizing is done at 920-950C. 

This fully austenitic state is essential. If carburizing is done in the ferritic region, the carbon, 

with very limited solubility in ferrite, tends to form massive cementite particles near the 

surface, 



 

making the subsequent heat treatment difficult. For this reason, carburizing is always done in 

the austenitic state, even though longer times are required due to the diffusion rate of carbon 

in austenite being less that in ferrite at such temperatures. 

Cyaniding 

 

Cyaniding is done in a liquid bath of NaCN, with the concentration varying between 30 and 

97%. The temperature used for cyaniding is lower than that for carburizing and is in the range 

of 800-870 C. The time of cyaniding is 1-3 hr to produce a case depth of 0.25 mm or less. 

Nitriding 

 

Nitriding is carried out in the ferritic region. No phase change occurs after nitriding. The part 

to be nitrided should posses the required core properties prior to nitriding. During nitriding, 

pure ammonia decomposes to yield nitrogen which enters the steel. The solubility of nitrogen 

in 

ferrite is small. Most of the nitrogen, that enters the steel, forms hard nitrides (e.g., Fe3 N). 

The temperature of  nitriding is 500-590 C. The time for a case depth of 0.02 mm is 

about 2 hr. In addition to providing outstanding wear resistance, the nitride layer increases the 

resistance of carbon steel to corrosion in moist atmospheres 

Cast irons 

 

Though ferrous alloys with more than 2.14 wt.% C are designated as cast irons, commercially 

cast irons contain about 3.0-4.5% C along with some alloying additions. Alloys with this 

carbon content melt at lower temperatures than steels i.e. they are responsive to casting. Hence 

casting is the most used fabrication technique for these alloys. 

Hard and brittle constituent presented in these alloys, cementite is a meta-stable phase, and 

can readily decompose to form α-ferrite and graphite. In this way disadvantages of brittle 

phase can easily be overcome. Tendency of cast irons to form graphite is usually controlled 

by their composition and cooling rate. Based on the form of carbon present, cast irons are 

categorized as gray, white, nodular and malleable cast irons. 

Gray cast iron: These alloys consists carbon in form graphite flakes, which are surrounded by 

either ferrite or pearlite. Because of presence of graphite, fractured surface of these alloys look 

grayish, and so is the name for them. Alloying addition of Si (1- 3wt.%) is responsible 



 

for decomposition of cementite, and also high fluidity. Thus castings of intricate shapes 

can be easily made. Due to graphite flakes, gray cast irons are weak and brittle. 

However they possess good damping properties, and thus typical applications include: 

base structures, bed for heavy machines, etc. they also show high resistance to wear. 

White cast iron: When Si content is low (< 1%) in combination with faster cooling 

rates, there is no time left for cementite to get decomposed, thus most of the brittle 

cementite retains. Because of presence of cementite, fractured surface appear white, 

hence the name. They are very brittle and extremely difficult to machine. Hence their 

use is limited to wear resistant applications such as rollers in rolling mills. Usually 

white cast iron is heat treated to produce malleable iron. 

Nodular (or ductile) cast iron: Alloying additions are of prime importance in producing 

these materials. Small additions of Mg / Ce to the gray cast iron melt before casting 

can result in graphite to form nodules or sphere-like particles. Matrix surrounding these 

particles can be either ferrite or pearlite depending on the heat treatment. These are 

stronger and ductile than gray cast irons. Typical applications include: pump bodies, 

crank shafts, automotive components, etc. 

Malleable cast iron: These formed after heat treating white cast iron. Heat  treatments 

involve heating the material up to 800-900 C,  and keep it for long hours, before  

cooling it to room temperature. High temperature incubation causes cementite to 

decompose and form ferrite and graphite. Thus these materials are stronger with 

appreciable amount of ductility. Typical applications include: railroad, connecting 

rods, marine and other heavy- duty services. 
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UNIT-IV 

EFFECT OF ALLOYING ELEMENTS 

 
ALUMINUM -- Aluminum is probably the most active deoxidizer in common use in producing steel. It is 

used in controlling inherent grain size. 

 

BORON -- Boron is added to steel in amounts of 0.0005 to 0.003% to improve hardenability. In 

combination with other alloying elements, boron acts as an “intensifier”, increasing the depth of 

hardening during quenching. 

 

CARBON -- When a small amount of carbon is added to iron, the properties which give steel its 

great value begin to appear. As the amount of carbon increases up to .80 or .90%, the metal becomes 

harder, possesses greater tensile strength, and, what is most important, becomes increasingly 

responsive to heat treatment with corresponding development of very high strength and hardness. 

 

If carbon were to be increased beyond certain limits in plain carbon steel, the ability to be worked 

either hot or cold would disappear almost entirely, and it would begin to assume the characteristics of 

cast iron, which usually has 1.7 to 4.5% carbon. 

 

CHROMIUM -- Chromium increases response to heat treatment. It  also increases depth of hardness 

penetration. Most chromium-bearing alloys contain .50 to 1.50% chromium. Stainless steels contain 

chromium in large quantities (12 to 25%), frequently in combination with nickel, and possess 

increased resistance to oxidation and corrosion. 

 

COLUMBIUM -- Columbium in 18-8 stainless steel has a similar effect to titanium in making the 

steel immune to harmful carbide precipitation and resultant inter-granular corrosion. Columbium 

bearing welding electrodes are used in welding both titanium and columbium bearing stainless steels 

since titanium would be lost in the weld arc whereas columbium is carried over into the weld deposit. 

 

COPPER -- Copper is normally added in amounts of .15 to .25% to improve resistance to 

atmospheric corrosion and to increase tensile and yield strengths with only a slight loss in ductility. 

Higher strength properties can be obtained by precipitation hardening copper-bearing steel. 

IRON -- Iron is the chief element of steel. Normally commercial iron contains other elements present 

in varying quantities which produce the required mechanical properties. Iron lacks strength, is very 

ductile and soft and does not respond to heat treatment to any appreciable degree. It can be hardened 

somewhat by cold working, but not nearly as much as even a plain low carbon steel. 

 

LEAD -- Lead in steel greatly improves its machinability. When the lead is finely divided and 

uniformly distributed it has no known effect on the mechanical properties of the steel in the strength 

levels most commonly specified. It is usually added in amounts from 

.15% to .35%. 

 

MANGANESE -- Next in importance to carbon is manganese. It is normally present in all steel and 

functions both as a deoxidizer and also to impart strength and responsiveness to heat treatment. 

Manganese is usually present in quantities from 1/2% to 2%, but certain special steels are made in 



 

 

 

the range of 10% to 15%. 

 

MOLYBDENUM -- Molybdenum adds greatly to the penetration of hardness and increases toughness. 

Molybdenum tends to help steel resist softening at high temperatures and is an important means of 

assuring high creep strength. It is generally use in comparatively small quantities ranging from .10 to 

.40%. 

 

NICKEL -- Nickel increases strength and toughness but is one of the least effective elements for 

increasing hardenability. The most general quantity addition is from 1 to 4%, although for certain 

applications, percentages as high as 36% are used.  Steels containing nickel usually have more 

impact resistance, especially at low temperatures. Certain stainless steels employ nickel up to  about 

20%. 

 

PHOSPHORUS -- Some phosphorus is present in all steel. In addition to increasing yield strength 

and reducing ductility at low temperatures, phosphorus is believed to increase resistance to 

atmospheric corrosion. 

 

SILICON -- Silicon is one of the common deoxidizers used during the process of manufacture. It 

also may be present in varying quantities up to 1% in the finished steel and has a beneficial effect on 

certain properties such as tensile strength. It is also used in special steels in the rage of 1.5% to 2.5% 

silicon to improve the hardenability. In higher percentages, silicon is added as an alloy to produce 

certain electrical characteristics in the so- called silicon electrical steels and also finds certain 

applications in some tool steels where it seems to have a hardening  and toughening effect. 

 

SULPHUR -- Sulphur is an important element in steel because when present in relatively large quantities, 

it increases machinability. The amount generally used for this purpose is from .06 to .30%. Sulphur is 

detrimental to the hot forming properties. 

 

TELLURIUM -- The addition of approximately .05% tellurium to leaded steel improves 

machinability over the leaded only steels. 

 

TITANIUM -- Titanium is added to 18-8 stainless steels to make them immune to harmful carbide 

precipitation. It is sometimes added to low carbon sheets to make them more suitable for porcelain 

enameling. 

 

TUNGSTEN -- Tungsten is used as an alloying element in tool steel and tends to produce a fine, 

dense grain and keen cutting edge when used in relatively small quantities. When used in larger 

quantities of 17 to 20% and in combination with other alloys, it produces a  high speed steel which 

retains its hardness at the high temperatures developed in high speed cutting. Tungsten is also used in 

certain heat resisting steel where the retention of strength at high temperatures is important. It is 

usually used in combination with chrome or other alloying elements. 

VANADIUM -- Vanadium, usually in quantities from .15 to .20% retards grain growth, even after 

hardening from high temperatures or after periods of extended heating. Tool steel containing 

vanadium seems to resist shock better than those which do not contain this element. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 


