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3.1 INTRODUCTION 

Physical Metallurgy deals with the relationship between structure and 
properties of metals and alloy. The process adopted for metal extraction from 
the ores and subsequent fabrication influences the structure. The properties 
of interest are mainly those demanded by engineers such as strength, ductility 
toughness and corrosion resistance. Thus physical metallurgy provides a 
vital link in making, shaping, treating and using of metals and alloys. Physical 
metallurgy deals with the nature, structure and physical properties of metals 
and alloys, together with-the mechanism of varying such properties. 

Crystal Structure 

All materials are composed of a very large number of atoms that are 
bonded together in some manner. The cohesion between the atoms is 
dependent upon the character of the individual elements. The bond formed 
between atoms can be classified as ionic bond and covalent bond. Another 
type of bond, similar to that of covalent type, is metallic bond in which there 
is complete freedom of the electrons when a group of atoms becomes 
associated. The relative free movement of electrons in metals accounts for 
electrical and thermal conductivity. The bonds formed by the free electrons 
are nondirectional and that leads to considerable flexibility in the directions 
along which the metal atoms can be displaced during plastic deformation. 

Since there is no linkage between atoms in the metallic bond, metal 
atoms try to surround themselves by as many similar atoms as possible. The 
atoms arrange themselves in a distinct pattern in space, called a space lattice. 
When atoms approach each other, two opposing forces influence the internal 
energy, an attractive force between the electrons and both positive nuclei; 
and a repulsive force between the positive nuclei and also between the 
electrons. The first force tends to decrease the internal energy and the second 
force tends to increase it. At some distance, these two forces will just balance 
each other and the total internal energy will be a minimum, corresponding to 
an equilibrium distance no is different for each elements and is determined 
by measuring the distance of closest approach of atoms in the solid state. To 
specify a given point in a lattice in a structure, its coordinates are preferred 
to the crystal axes. Each space lattice has seven different systems of axes, 
each with specified equality or inequality of lengths and angles. These are 
the basis of the seven crystal systems. The smallest unit having the full 
symmetry of a crystal is known as unit cell (Fig.1). The specific unit cell of 
each metal is defined by its parameters which are the edges of the unit cell a, 
b, c and the angles a (between b and c), 13 (between c and a) and y (between 
a and b) and are listed in Table I. 

65 



There are two ways in which atom may be packed so as to have the closest 
possible packing. One method of packing is to start with a layer of spheres, 
with each spbere in contact with adjacent spheres in the same plane. Another 
plane of spheres above the first is placed in such a manner that each sphere 
in the second layer rests in a pocket between the spheres of the first layer and 
touches three spheres in the layer below it. A third layer of spheres is placed 
so that each of the atoms is above the pockets of the first layer that were not 
filled by the second layer. Then there is a fourth layer of spheres, which will 
be exactly above the spheres of first layer. This continues on in the sequence 
"abc, abc", where 'a' b the first layer, 'b' b the second layer, 'c' is the third 
layer and 'a' repeats as fourth layer. This type of packing leads to FCC 
structure. In HCP structure, the third layer of spheres is placed in such a way 
that the spheres will be directly over the spheres of the first layer. 

Alloying 

Metals in their pure form are seldom used in engineering applications. 
Most of the metallic materials used in engineering are combinations of metals 
known as alloys. When two metals are melted together and crystallized, a 
single crystal structure may form. In the unit cell of this crystal, both the 
metal atoms are present in proportion to their concentration. This structure 
is known as a solid solution. 

Fig.1 : Unit cell illustrating lattice parameters 
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Table 1 : Various crystal systems 

1 Cubic Three equal axes, mutually perpendicular a = b = c; a = (3 = y= 90° 

2 Hexagonal Three equal coplanar axes at 120° and a fourth unequal axis 
perpendicular to their plane a = b * c; a = p =900, y = 1200  

3 Tetragonal Three perpendicular axes, only two equal a = b* c; a = /3 = y = 90°. 
4 Rhombohedral 

(trigonal) 
Three equal axes, not at right angles a = b = c; a = p = y*90° 

5 Orthorhombic Three unequal axes, all perpendicular a* b *c; a =13=  y = 90° 

6 Monoclinic Three unequal axes, one of which is perpendicular to the other two a 
*13*y;a=y=90°*13 

7 Triclinic Three unequal axes, no two of which are perpendicular 
a*b*c;«*(i *y*900  

3.2 SOLID SOLUTION 

Metals may combine to form alloys by completely dissolving in each 
other. If the solute atoms occupy position between the present atoms, it is 
called substitutional sold solution. When the solute and solvent atoms are 
arranged in a regular fashion on the atomic sites, it is called ordered solid 
solution (superlattice). Perfect order is possible only when the two metals 
are mixed in some freed proportion i.e. 1:1, 3:1, etc. If the solute atoms 
occupy position between the lattice sites of the parent atoms, it is called an 
interstitial solid solution. 

Hume Rothery studied a number of alloy systems and formulated the 
conditions that former extensive substitutional solubility. These are as follows: 

i) The size difference between the parent atom and the solute atom 
must be less than 15% 

u) The electronegativity difference between the metals must be small 

iii) The valency of the atoms must be same. A metal of lower valence 
tends to dissolve more of a metal of higher valence tends to dissolve 
more of a metal of a higher valence and vice-versa. 

iv) It is important to note that solubility tends to be favoured when the 
crystal structure of the two metals is of the same type. 

Intermetallic Alloy phase or Compounds: 

When a compound is formed, the elements lose their individual 
identity and characteristic properties to a large extent. The compound is 
having its own characteristic physical, mechanical and chemical 
properties. Most compounds, like pure metals, also exhibit a definite 
melting point within narrow limits of temperature. It is then referred to 
as a congruent melting phase. 
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Electron compounds are found to exist at or near compositions in each 
system that has a definite ratio of valence electrons to atoms. These phases 
are having similar lattice structures of the systems. 

Thermodynamics and Kinetics: 

The commercial importance of metals lie principally in their ability to 
combine with one another to produce substances having a wide range of 
properties that may not be achieved with pure metals alone. In considering 
the relation of the constituents that make up alloys at different temperatures, 
pressures and combinations, one specifies the two or more metallic elements 
that are being considered and the variables to which these elements will be 
subjected. An alloy system is a combination of two or more elements forming 
alloys, which are considered within a specified range of temperature, pressure 
and concentration 

Systems are classified according to the number of components that 
constitute the system. In a particular alloy system, the components may 
combine within a certain temperature range to form two homogeneous 
coexisting portions. Each of these portions will be of different composition 
and will have different properties. Each portion is homogeneous throughout 
and regardless of sampling in that portion; the compositions will be the same. 
These homogenous physically distinct portions of the system are called 
phases. The system at equilibrium may contain fixed volume fractions of a 
number of phases. 

Williand Gibbs developed a relationship between the number of 
coexisting phases, the number of components making up the system and the 
number of variables. The relation is a statement of the phase rule, which in 
general is expressed as, 

p - c =V — F 
where, p is the number of phases in equilibrium, c is the number of 

components in the system, V is the variables: temperature and pressure and 
F is the number of degrees of freedom. If the pressure is constant as it is 
generally in most metallurgical considerations, then the phase rule can be 
written as, 	p - c = 1- F 

The equilibrium state of a system can be specified in terms of its 
thermodynamic properties. A closed system at constant temperature and 
pressure has minimum Gibbs free energy in its equilibrium state. Iron exhibits 
FCC, BCC and HCP crystal structures, but at the temperature and pressure 
of interest, the stable structure is the one for which the Gibbs's free energy is 
the lowest. When the pressure and temperature are not constant, the 
equilibrium state is identified with the help of other thermodynamic properties. 
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Most of the transformations of interest occur at constant temperature and 
pressure. Therefore, Gibbs free energy is often used to investigate equilibrium. 

If a closed system at constant pressure is capable of existing ones 
suitable temperature ranges either as phase a or as a different phase p, the 
variations of the free energies of these phases can be as shown in Fig.2. AG 
is the free energy change associated with the transformation of one phase to 
the other. 

The equilibrium transition temperatures, Te, is defined such that T = Te  
when AGT  = 0. At T< Te, AG(a—>(3) >0, a is the stable phase and b 
transforms to a. When T>Te, AG(a—>) < 0, b becomes the stable phase 
and a transforms to b. At T = Te, AG(a-43) = 0 and AliTe  = TeDSTe. Since 
the slopes of the two free energy curves at Te  in Fig.4 are different, the 
entropy of transformation, ASTe  and the enthalpy of transformation, DHTe  
are not equal to zero. 

Temperature 

Fig.2 : Variation on free-energy of two phase with temperature 
AG(a-41) = G(l) — G(a) 

= A1-1(a— >b) — TAS(a.—>13) 

3.3 DIFFUSION 

Diffusion plays a key role in phase transfonnkions of solids. To establish 
a logical co-relationship between structure and properties of materials, 
structural control is essential to obtain optimum properties, which in turn 
depends on diffusion. The process of diffusion can be defined as the mass 
flow process by which atoms or molecules change their relative positions 
with respect to their neighbors within a phase under the influence of thermal 
energy and a gradient. The gradient may be chemical potential owing to 
difference in concentration difference or due to temperature or stress or 
electric field or gravitational field. In the foregoing discussion we will 
highlight the gradient caused by concentration variation. 
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Imperfections: 

Imperfection in crystals can be classified according to their geometry: 
point defect, line defect and surface defect. 

Point defects are of various kinds e.g., vacancy, interstitialcy, interstitial 
impurity and substitutional impurity. If an atom is missing from its site in the 
lattice leads to formation of vacancy (Fig. ) When an atom is getting displaced 
from its regular position into an interstitial position is known as interstitialcy 
defect (Fig.3). Generally, a crystal contains a certain amount of defects at a 
given temperature. The fraction of vacancies n/N in a crystal at temperature 
T can be given by 

n/N = exp (-AHf /kT) 

Where, n: number of defects N: total number of atomic sites, and AHf: 
enthalpy for the formation of a vacancy. 

Fig. 3 : Point defects in Crystals: (a) Vacancy, (b) Interstitialcy, 
(c) Interstitial impurity and (d) Substitutional impurity 

Line defects are known as dislocations. Dislocations are categorized 
as the edge dislocation and the screw dislocation (Fig.4). A dislocation is 
characterized by a vector known as Burgers Vector, b. For an edge dislocation 
the Burgers vector is perpendicular to the edge dislocation line. The Burgers 
vector for a screw dislocation is parallel to the dislocation line. However, the 
dislocations in real crystals are some combination of the edge and the screw 
types. These are known as mixed dislocations. The Burgers vector of a mixed 
dislocation remains invariant along the length of the dislocation line. It has 
two components: one parallel to the dislocation line (screw component) and 
the other parallel to the dislocation (edge component). 

70 



a  

oo 

NENENEriess0000100 ...._.S..o.(,re;® sinummusep_,----cosig 
Nammunmeropos, 
Emmumenhiso0 0 
umummunti 00  
sammsms•2010  

Fig. 4 : (a) Edge and (b) screw dislocations 

Dislocation plays an important role in the plastic deformation of metals 
and alloys. Perfect crystals that are free of dislocation known as whisker 
possess very high strength. Presence of a few dislocations is sufficient to 
make the crystal weak. 

Stacking faults are known as surface defects. Within the stacking 
sequence of FCC crystal i.e., ABC ABC, locally an improper stacking of CA 
CA (i.e. HCP stacking) may be created and this thin region is known as 
stacking fault. Stacking fault has surface energy. Another type of surface 
defect is grain boundary. They are categorized as tilt boundaries, twist 
boundaries and twin boundaries. 

Laws of Diffusion: 
The gradient due to concentration and diffusional phenomenon was 

initially illustrated by A. Fick in 1855. Considering unidirectional diffusion, 
mathematically it is given by 

dn/dt = -D.A. dc/dx 
where dn/dt: Number of moles of diffusion species passing through a 

cross sectional area A, perpendicular to the diffusion direction x per unit 
time; c: concentration of the species in mol. m-3; D: proportionality factor 
known as diffusivity or diffusion co-efficient and material's property 
depending upon medium in which diffusion occurs and the temperature (m2s1). 
In terms of flux J, the expression can be simplified to 

J = -1/A.dn/dt = -D. dc/dx 
Under steady state, flux transfer across any plane remains same along 

the diffusion distance i.e. concentration-distance profile does not vary with 
time. It refers, for independent D, the gradient is constant and the profile is 
straight line. If D is a function of concentration, the profile is not straight 
line. Non-steady state flow of mass is described by Fick's second law. For a 
given instant, flux at different cross sectional plane varies along diffusion 
direction. Moreover flux at a assigned cross section is a function of time. So, 
concentration-distance profile changes with time. 
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Mechanism of diffusion 

Depending on the position of the atoms within the crystal structure for 
any solid solution, diffusion may take place by four mechanisms and they 
are given below in a nutshell (Fig.5): 

i) Interstitial mechanism — When the atoms are small enough to 
occupy interstitial sites of any system, can diffuse by jumping from 
one interstitial site to another (Fig.5a). 

ii) Vacancy mechanism — Substitutional atoms can diffuse by 
interchanging positions with a neighboring vacant sites giving rise 
to the vacancy mechanism (Fig.Sb). 

iii) Interstitialcy mechanism — An atom from a regular site moves into 
an interstitial site and displaces another atom from regular site to 
an interstitial site. It means two atoms share a common lattice site 
and are displaces from it (Fig.5c). 

iv) Ring mechanism — Three or four atoms in the form of a ring rotate, 
thereby exchange their position. This process when repeated again 
and again with a different set of atoms in the ring each time can 
move an atom far away from its initial position (Fig.5d). 

Fig.5 : (a) Interstitial, (b) vacancy, (c) interstitialcy, (d) direct 
exchange and ring mechanisms of diffusion 
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3.4 PHASE TRANSFORMATION 

Equilibrium Diagrams: 

The study of the interrelation of phases in an alloy system at different 
temperature and for different alloy compositions is of importance is of 
importance in understanding the characteristics of alloys. Generally, there 
are equilibrium relationships in that they correspond to the state of the 
minimum free energy of the system. The best method of representing these 
data is in the form of phase diagram, also known as equilibrium diagram. 

An equilibrium diagram may be defined as a plot of the composition of 
phases as a function of temperature in any alloy system under equilibrium 
conditions. Equilibrium diagrams may be classified according to the relation 
of the components in the liquid and solid states as follows: 

1. Components completely soluble in the liquid state 

a) Completely soluble in the liquid state (Type-I) 

b) Partly soluble in the solid state, the eutectic reaction (Type-H) 

c) Insoluble in the solid state, the eutectic reaction (Type-III) 

d) Formation of a congruent - melting intermediate phase (Type-IV) 

e) The peritectic reaction (Type-V) 

2. Components partly soluble in the liquid state and completely soluble 
in the solid state, the monotectic reaction (Type-VI) 

3. Components insoluble in the liquid state and insoluble in the solid 
' state (Type-VII) 

4. Transformation in the solid state 

a) Allotropic change 

b) Order-disorder 

c) The eutectoid reaction 

d) The peritectoid reaction 

The equilibrium diagram makes it possible to determine the proportion 
of existing phases at any given temperature. Consider an alloy containing 
80% A and 20% B at temperature T in Fig.6. At this temperature, the alloy is 
composed of the solid solution and the liquid, the solid and the alloy as a 
whole indicated by n, in and o, respectively. It can be shown that the amount 
of solid solution and liquid will be inversely proportional to the distances 
from the point representing the composition of the alloy to the points 
representing the composition of the phase in question. 
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Type I: Since the metals are completely soluble in the solid state, the 
only type of solid phase formed will be a constitutional solid solution. (Fig.7). 
The area below the solid line is a single-phase region and any alloy in this 
region will consist of a homogeneous solid solution. Between the liquidus 
and the solidus lines, these exist a two-phase region consisting of a mixture 
of a liquid solution and a solid solution. 

Type H: The most common and therefore, the most important type of 
system in which there is partial solubility in the solid state (Fig.7). Alloy in 
this system in which there is partial solubility crystals of pure A or pure B 
but always a solid solution or mixture of solid solutions. ie., a, p and (a + 
a and bare also known as terminal solid solution or they are next to the axes. 
Point E, where the liquidus lines meet at a minimum is known as the eutectic 
point. The two solids that make up the eutectic mixture are given by the 
examination of the eutectic-temperature line, a of composition F and p of 
composition G. The eutectic reaction may be written as 

Liquid <4 a + p (eutectic mixture) 

Type III: A system in which the components are completing soluble in 
the liquid state and insoluble in the solid state. Since the two metals are 
assumed to be completely insoluble in the solid state, it should be apparent 
that when freezing starts the only solid that can form is a pure metal (Fig.8). 

Type IV: When one phase changes into another phase isothermally and 
without any change in chemical composition, it is said to be a congruent 
phase transformation. The alloy X in Fig. 9 goes from a liquid phase to a 
single solid phase at constant temperature without a change in composition, 
and is therefore a congruent-melting alloy. 

Type V: In the peritectic reaction, a liquid and a. solid react isothermally 
to form a new solid on cooling. The reaction is expressed as 

Liquid + solidi  <4 solid2  

Type VI: Substances that are partly soluble in each other in the liquid 
state are said to have a miscibility gap. 

Type VII: There are many combinations of metals, which are 
practically insoluble in each other. When cooled, the two metals appear to 
solidify at their individual freezing points into two distinct layers with a 
sharp line of contact and almost no diffusion. An alloy system, which 
comes very close to this type, is that between Al and Pb. 

There are several equilibrium changes and reactions, which take place 
entirely in the solid state. 
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Fig.9 : Type IV Phase diagram 

Allotropy: Several metals may exist in more than one type of crystal 
structure depending upon temperature. Iron, tin, manganese and cobalt are 
examples of metals, which exhibit this kind of transformation, i.e., allotropic 
transformation. 

Order-disorder transformation: Generally, in the formation of a 
substitutional type of sold solution, the solute atoms do not occupy any specific 
position but are distributed at random in the lattice structure of the solvent. 
The alloy is said to be in a disordered condition. Some of this random solid 
solution, when cooled slowly, undergoes a rearrangement of the atoms where 
the solute atoms move into definite positions in the lattice. This structure is 
known as an ordered solid solution or superlattice. On the equilibrium 
diagram, the ordered solutions are frequently designated as ?', ?', etc. and 
the area in which they are found is usually bounded by a dot-dash line. 
Eutectoid Reaction: This is a common reaction in the solid state. It is very 
similar to the eutectic reaction but does not involve the liquid, thus, a solid 
phase transforms on cooling into two new solid phases (Fig.10). The reaction 
may be written as 

Solid2  + Solid3  
The resulting microstructure shows alternate layers of Solid2  and Solid3  

in an extremely fine mixture. 

Peritectoid Reaction: This reaction may be written in general as 

Solidi  + Solid2  H Solid3  
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The new solid phase is usually an intermediate alloy, but it may also be 
a solid solution. Fig. 11 shows that two solid phases Li and ❑ react to form 
an intermediate phase ❑ . The equation may be written as p + 0 <--> 

66.411111 
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Fig. 10 : Eutectoid reaction 

Fig. 11 : Peritectoid reaction 

Microstructural changes during cooling: 

Generally, the cooling rates are not slow enough to obtain equilibrium 
conditions. The continuous adjustments in compositions of the phases required 
for equilibrium do not take place. Consider an alloy of composition 70A- 

• 
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30B that is getting cooled from above the liquidus (Fig.12). The first solid to 
crystallize has a composition Gil. With the progress of solidification, the 
composition of the solid phase should shift along with solidus to C??  C??, etc. 
Diffusion of atoms inside the solid phase is required to have these 
compositional changes. However, diffusion in the solid phase is quite slower 
than in the liquid phase. So, the solid that solidifies at any instant in local 
equilibrium with the liquid in contact with that. The solid thus formed at a 
lower temperature does not have the composition according to that of the 
equilibrium diagram. Thus a gradient of composition develops from C?, at 
the center, which solidifies first to C?s  at the periphery, which solidifies last. 
The average composition of the phase is shown by the dotted line in Fig.13. 
This is well deviated from the equilibrium composition. Solidification is 
complete at a lower temperature, T5, where the average composition of the 
solid becomes equal to the overall composition of the alloy. This phenomenon 
is called coning. The extent of coring increases, with increasing separation 
between the liquidus and the solidus, i.e., in alloy with a wide freezing range. 

A homogenizing treatment is required to remove the compositional 
variations that accompany coning or surrounding. The alloy is heated to a 
high temperature and held there for a prolonged period yields a homogeneous 
solid solution. 

A 	19 	20 	00 	ao 	00 	69 	?0 
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Fig.12 : Nonequillibrium cooling: the origin of coring 

3.5 SOLIDIFICATION 

Generally, commercial metals and alloys are frozen from a liquid phase 
into their final shaper, called castings or into intermediate forms, i.e., ingot. 
Ingots later worked into the final product. 
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The solidification of metals occurs by nucleation and growth. For 
nucleation, liquid metals may be cooled to temperature far below their 
equilibrium freezing points before solidification begins. This is known as 
super cooling. The rate at which the interface between the liquid and the 
solid moves during solidification is a function of degree of solidification. 
The interface motion is also affected by the sign of the temperature gradient 
in front of the interface. 

If the temperature increases from the interface into the liquid and the 
temperatures gradient is linear and perpendicular to the interface, the interface 
maintain a stable shape and move forward on a unit. 

Dendritic freezing is a common phenomenon in many alloy systems. 
The driving force for dendritic growth is thermal supercooling. There is 
another factor which can lead to this is known as constitutional supercooling. 
This results when a solid freezes with a composition different from that of 
the liquid from which it forms. It can be well represented by Fig.13a where 
at temperature T, Liquid of composition, C1  is in equifilibrium with solid of 
composition, Cs. The liquid composition C1  is greater that the average 
composition Co  of the melt. The liquid composition decreases with increasing 
distance from the interface (Fig.13b). As a function of distance, it shows 
that the actual temperature gradient in the liquid ahead of the interface is 
such that the liquid at every point is at a temperature above the liquidus 
temperature (Fig.13c). Therefore there is no supercooling ahead of the 
interface, which is stable and flat. The actual temperature profile in the liquid 
is such that the temperature at every point between x and y is lower than the 
equilibrium liquidus temperature (Fig.13d). Any protrusions formed in this 
region feel supercooled and does not melt back (Fig.1 3f). As the supercooling 
is due to compositional effect, this phenomenon is known as constitutional 
supercooling. 

Nucleation and Growth: 

According to thermodynamics, a driving force for phase transformation 
arises when the free energy of the present phase becomes higher than that of 
the product phase with a change in temperature or pressure. At that time, 
thermal fuctuations result in the formation of very tiny particles of the product 
phase within the parent phase. These tiny particles can grow by transfer of 
atoms across this interface. The transformation can be divided into two steps 
that occur sequentially: 

1. The formations of tiny particles that are stable to further thermal 
fluctuations and will not dissolve. These tiny particles are known 
as nucleus. The process is known as nucleation. 

2, The increase in size of the particles. The process is known as growth. 
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Fig.13 : Constitutional supercooling 

A high nucleation rate means a large number of grains. When this is 
combined with a low growth rate, which will lead to a fine grain structure. 
On the other hand, a low nucleation rate combined with a high growth rate 
yields a coarse grain structure. An increase in cooling rate lowers the effective 
transformation temperature and results in the combination of a high nucleation 
rate and a relatively slow growth rate. Thus, it results in a fine grain size. 
This is also known as under cooling effect. 

3.6 STRENGTHENING MECHANISM 

Strength is inversely proportional to dislocation mobility and there are 
a number of possible factors, which affect the strength. Crystal structure 
determines the number and type of slip systems, fixes the Burgers vector and 
determines the stress required for the motion of dislocations. The fine grain 
size is often desired for high strength; large solute additions help in increase 
in strength and phase transformation may be utilized to increase strength. 

It was empirically established by Hall and Petch that the tensile yield 
stress was melted to grain size by so  = si  + K'd in 

where so: yield stress, friction stress opposing the movement of dislocations, 
K' unpinning constant and d = grain diameter. 
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The introduction of soluble atoms into solid solution in the solvent 
lattice lead to an alloy stronger than the pure metal. If the solute and solvent 
atoms are mostly similar in size, the alloy will be called substitutional solid 
solution. If the solute atoms are much smaller than the solvent atoms, they 
form interstitial solid solutions. 

Many commercial alloys contain a heterogeneous microstructure 
consisting of two or more metallurgical phases. The strengthening produced 
by second phase particles is usually additive to the solid solution strengthening 
produced in the matrix. The presence of second phase particles in the 
continuous matrix phase results in localized internal stresses, which modify 
the plastic properties of the continuous phase. 

The strengthening produced by a finely dispersed insoluble second 
phase in a metallic matrix is known as dispersion hardening. This is similar 
to precipitation hardening or age hardening. For precipitation hardening, the 
second phase must be soluble at an elevated temperature, but must exhibit 
decreasing solubility with decreasing temperature. The second phase is 
dispersion-hardening systems have very little solubility in the matrix, even 
at elevated temperatures. There is atomic matching on coherency between 
the second phase particles and the matrix in dispersion-hardened system. 
The degree of strengthening depends on the volume fraction, average particle 
diameter and mean interparticle spacing. 

Strain hardening or cold working is an important industrial process 
that is used to harden metals or alloys that do not respond to heat treatment. 
The cold worked state is having higher internal energy compared to that of 
the undeformed material. With increasing temperature, the cold worked state 
becomes more and more unstable. Eventually the metal solutions and reverts 
to a strain-free condition. The overall process by which this occurs is known 
as annealing. The annealing process can be divided into three distinct 
processes: recovery, recrystallization and grain growth. Recovery is defined 
as the restoration of the physical properties of the cold worked metal without 
observable change in microstructure. Recrystallization is the replacement 
of the cold worked structure by a new set of strain-free grains. 
Recrystallization is dependent on the amount of prior deformation, 
temperature, time, initial grain size, composition and amount of 
polygonization on recovery prior to recrystallization. 

3.7 HEAT TREATMENT OF STEEL 
Fe-Fe3C Phase diagram: 

The basis for the understanding of the heat treatment of steels is the 
Fe-Fe3C phase diagram. The Iron-Iron carbide phase diagram is also known 
as Iron-Carbon equilibrium diagram. But the term iron—carbon is incorrect 
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in strict sense because the phase, which constitutes the binary phase diagram, 
is cementite, and not carbon and graphite. The term Iron- cementite is also 
not strictly correct because the cementite phase is metastable. In the 
metallurgical practice both the terms namely, iron-carbon and iron-cementite 
phase diagrams are used (Fig.14). 

Fig. 14 : Iron-Iron Carbide diagram 

The solubility of carbon varies in different forms of iron. In delta iron, 
maximum solid solubility of carbon is 0.1 percent. In gamma iron, the 
maximum solid solubility of carbon is 2.03 percent. Austenite is a solid 
solution of carbon in FCC iron and solute atoms occupy interstitial 
positions in this lattice. In a-iron, carbon has limited solid solubility of 
about 0.008 percent at room temperature. The maximum solubility of 
carbon in ferrite is 0.025 percent. The solid solution of carbon in a-iron 
is known as ferrite. The word "ferrite" is derived from the Latin word 
"ferrum" which stands for iron. 

There are three reactions which occur in iron-cementite phase diagram 
(i) peritectic reaction, (ii) eutectic reaction, and (iii) eutectoid reaction. Out 
of these only eutectoid reaction is important as far as heat treatment of steels 
are concerned. A detailed analysis of the phase transformations at the peritectic 
and eutectic points of the iron-carbon system are not essential in a study of 
steels. In iron — carbon alloy with 0.8 percent carbon, the austenite is 
transformed into ferrite and cementite by eutectoid reaction on cooling at 
723°C. Thus, 

y (S) (--> a (S) + Fe3C (S) 

R2 



In heat treatment of steels, the liquid phase is always avoided. Some 
important boundaries at single-phase fields have been given special names: 

• A1, the so-called eutectoid temperature, which is the minimum 
temperature for austenite 

• A3, the lower- temperature boundary of the austenite region at low 
carbon contents, that is, the AI(a + A) boundary 

• Ac.„„ the counterpart boundary for high carbon contents, that is , the 
y/(y + Fe3C) 

If alloying elements are added to the iron-carbon alloy (steel), the 
position of the A1, A3, and Acm  boundaries and the eutectoid composition 
are changed. It suffices here to mention that 

• All important alloying elements decrease the eutectoid carbon 
content 

• The austenite-stabilizing elements manganese and nickel decrease Al  
• The ferrite-stabilizing elements chromium, silicon, molybdenum, 

and tungsten increase Al  

The Fe-Fe3C phase diagram represents metastable equilibrium (as 
opposed to stable equilibrium); but because Fe3C decomposition (a + 
graphite) is so slow, the Fe-Fe3C phase diagram will prove more useful in 
most practical heat-treating conditions. 

A study of the phase diagram shows that all the compositions containing 
less than 2.06 percent C pass through the austenite region on cooling from 
the liquid state to room temperature. Alloys in this interval are arbitrarily 
classed as steels. Steels with carbon content from 0.025 percent to 0.8 percent 
are called hypoeutectoid steels. Steels with carbon content of 0.8 percent are 
known as eutectoid steels. Steels with carbon content greater than 0.8 percent 
are called hypereutectoid steels. 

Transformations in Eutectoid Steel 

Let us consider a steel containing 0.8 percent carbon (x' in Fig.15a). 
When the steel is in the austenite region at point 'a', the microstructure 
contains completely austenite grains. On cooling to temperature at 'b' in the 
figure (below the eutectoid point), all austenite will transform into 100 percent 
pearlite. Pearlite consists of alternate plate of Fe3C and ferrite, with ferrite 
the continuous phase. An example of a pearlitic structure is shown in Fig.16a 
where the dark areas are Fe3C layers, the light phase is ferrite. Pearlite is not 
a phase, but a mixture of two phases-cementite and ferrite 

The decomposition of austenite to form pearlite occurs by nucleation 
and growth. As in almost all the cases, nucleation occurs heterogeneously 
and not homogeneously. If the austenite is homogeneous (uniform 
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composition), nucleation occurs almost exclusively at grain boundaries. Let 
us assume that the active nucleus is a small lamella of cementite which forms 
at an austenite grain boundary and grows into one of the austenite grains. As 
this small plate grows in length and thickness (Fig. 15c). It removes carbon 
atoms from the austenite on either side of it. The carbon concentration of the 
austenite in contact with the cementite falls as a result, and eventually a 
carbon-concentration contour is achieved in the austenite. When the 
composition of the austenite next to the cementite reaches some more or less 
fixed value, ferrite nucleates and grows along the surface of the cementite 
plate (Fig. 15c). Since this ferrite lamella can contain almost no carbon, their 
continued growth is associated with a build-up of carbon at the ferrite-austenite 
interface. This build up continues until a new layer of cementite nucleates. 
Growth of this cementite layer will, in turn, induce formation of a new layer 
of ferrite, and as this process continues, the alternating lamellae of a pearlite 
colony are formed. 

Classification of Steels 

Name Carbon content Examples 

Low carbon 0.05% - 0.32% Sheet, structural 

Medium carbon 0.35% - 0.55% Machinery 

High carbon 0.60% - 1.50% Machine tools 

Heat Treatment of Steels 

Rd 
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Growth of Pearlite 

Heat treatment is defined as the heating and cooling operation(s) applied 
to metals and alloys in solid state so as to obtain the desired properties. The 
purpose of heat treatment is to improve in ductility, relieve internal stresses, 
refine grain size, and increase hardness or tensile strength and to achieve 
changes in chemical composition of metal surface as in the case of 
casehardening. 

Time-Temperature Transformation (TTT) Curves: 

The temperature of transformation controls the nature of decomposed 
product (of austenite), which in turn decides the resulting properties of steel. 
Therefore, the study of transformation temperature effect on the nature of 
decomposed product is of much importance. Both time and temperature of 
austenite transformation have significant impact on the nature and morphology 
of transformed product. Thus, a diagram which can include all the three 
parameters, i.e. time, temperature and transformation will be of great 
importance, specially to the heat treaters. Such a diagram is known as time 
temperature transformation (TTT) diagram. This diagram is also popularly 
known as isothermal transformation (IT) diagram or the C-curve. 

The complete TTT diagram for an iron-carbon alloy of eutectoid 
composition is shown in Fig.16 where A stands for Austenite, B stands for 
Bainite, M stands for Martensite and P stands for Pearlite. Above 
approximately 550° C to 600° C, austenite transform completely to pearlite. 
Below this temperature to approximately 450° C, both pearlite and bainite 
formed. Finally, between 450° C and 210° C, the reaction product is bainite. 
The significance of the dotted line, which runs between the two curves, 
marking the beginning and end of isothermal transformations, should be 
mentioned. 

85 



M A 50% 

102 

Time Cs) 

O 
1 105  

M(50%) 
M(90%) 

14-00 

1200 

1000 

I
n
  1
,1

11
/1

.1,
1
6

1
 	

(o
r 

800 

600 

400 

200 

I e
m

pe
ra

tu
re

 

800 

700 

600 

500 

400 

300 

200 

100 

Fig.16 : 77T diagram for Eutectoid Steel 

Continuous Cooling Transformation (CCT) Diagrams: 

Continuous cooling transformation (CCT) diagrams can be obtained 
by techniques which is similar to that for TTT diagrams except that, in 
the case of CCT diagrams, points of start and end of austenitic 
transformation are recorded on continuous cooling. For the construction 
of CCT diagram for the eutectoid steel, a large number of small samples 
are heated above the lower critical temperature (A)) to complete austenitic 
structure. From this temperature, specimens are cooled at a constant 
cooling rate, and points corresponding to start and finish of pearlite are 
determined. By repeating the same process at various cooling rates, 
different sets of start and end points for the pearlitic transformations are 
obtained. On joining start and end points, two curves, similar to those in 
TTT curves, corresponding to start and end of transformation, are 
obtained. Thus, a CCT diagram is obtained. The continuous-cooling-
transformation diagram of an eutectoid steel is shown in Fig.17. 
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Fig. 17 : CCT Diagram for Eutectoid Steel 

If the cooling curve is rapid enough to avoid transformation through 
the nose region, then the structure formed would be fully martensite. 
Therefore, in order to get a complete martensitic structure, the steel should 
be rapidly cooled in such a way that the transformation through the nose 
region of the C-curve is avoided. Thus cooling rate which is tangent to the 
nose of the C-curve would be the approximate critical cooling rate (CCR). 
Any cooling rates slower than this produce some softer transformation product 
whereas the cooling rate faster than that will form only martensite. 

Hardening 

High hardness values can be obtained by a process known as 
Hardening. Hardening treatment consists of heating to hardening 
temperature, holding at a temperature, followed by rapid cooling such as 
quenching in water, oil or salt baths. Rapid cooling results in the 
transformation of austenite at considerably low temperatures into non-
equilibrium products. The hardening temperature depends on chemical 
composition. For plain carbon steels, it depends on carbon content alone. 
Hypoeutectoid steels are heated to about 30-50°C above the upper critical 
temperature, where as eutectoid and hypereutectoid steels are heated to about 
30-50°C above the lower critical temperature. 
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