
Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Crystal structure 

Name of the Topic  : Metallic crystal structures and its classifications  

 

 Objectives:  
To recollect the basic concepts of different metals and its crystal structures 

 Outcomes:  
Upon successful completion, the student should be able to recall/regain the basic 

concept of crystal structure of different metals.  
 Pre-test:  

To recall the basic knowledge of various metallic structures 

1)  Number of metallic elements in the periodic table is 
 
a) 118 
b) 95 
c) 125 
d) 145 
 

2)  In general ______ types of metals most of the real-time applications 
 
a) 2 
b) 3 
c) 4 
d) 5 
 

3) Brass is an alloy 
 
a) True 
b) False 

4) Which of the following metal is used for nuclear energy? 

(A) Uranium 
(B) Thorium 
(C) Niobium 
(D) All of these 
 

    5) The bond formed by transferring electrons from one atom to another is called 

(A) Ionic bond 
(B) Covalent bond 
(C) Metallic bond 
(D) None of these 



 
6)  The unit cells 

 
a. Contain the smallest number of atoms which when taken together have all the     

properties of the crystals of the particular metal 

b. Have the same orientation and their similar faces are parallel 

c. May be defined as the smallest parallelepiped which could be transposed in three 

coordinate directions to build up the space lattice 

d. All of the above 

 
7)  Macrostructure of a material is, generally, examined by 

 
(A) Naked eye 

(B) Optical microscope 

(C) Metallurgical microscope 

(D) X-ray techniques 

 
8) A material is said to be allotropic, if it has 

 
(A) Fixed structure at all temperatures 

(B) Atoms distributed in random pattern 

(C) Different crystal structures at different temperatures 

(D) Any one of the above 

 
9) Which of the following is an amorphous material? 

 
(A) Mica 

(B) Silver 

(C) Lead 

(D) Glass 

10) Amorphous solids have _______ structure. 
 

a) Regular 

b) Linear 

c) Irregular 

d) Dendritic 



Crystal structure - Theory 

 A regular and repetitious pattern in which atoms of a crystalline material arrange 
themselves is known as the crystal structure. 

 A crystal structure is composed of a unit cell, a set of atoms arranged in a particular way; 
which is periodically repeated in three dimensions on a lattice. 

 In practical most of the metals crystallize in one of the three realtively simple structures 
namely BCC, FCC, CPH or HCP. 

 This orderly and regular arrangement of the metal balls minimizes the empty space 
between them. ... Closest packing is the most efficient arrangement of spheres. Atoms of a 
metal crystal are arranged in similar patterns, called close-packed structures. 

 A unit cell is the most basic and least volume consuming repeating structure of any solid. 
It is used to visually simplify the crystalline patterns solids arrange themselves in. When 
the unit cell repeats itself, the network is called a lattice. 

 Miller indices, group of three numbers that indicates the orientation of a plane or set of 
parallel planes of atoms in a crystal. ... The reciprocals of these intercepts are computed, 
and fractions are cleared to give the three Miller indices (hkl). 

 Miller indices are used to specify directions and planes. These directions and planes 
could be in lattices or in crystals. The number of indices will match with the dimension of 
the lattice or the crystal. 

 atomic packing factor (APF), packing efficiency, or packing fraction is the fraction of 
volume in a crystal structure that is occupied by constituent particles. It is a dimensionless 
quantity and always less than unity. 

 Coordination number, also called Ligancy, the number of atoms, ions, or molecules that a 
central atom or ion holds as its nearest neighbours in a complex or coordination compound 
or in a crystal. 

 
Need for the study of crystal structure of metals 

 Difficulties in relating the properties of metals 

 Solid solution preparation  

 Overcome surface treatment problems like carburizing, flame hardening  

 Unexpected failures of metals 

 To develop new cutting tool metals with required hardness  

 To avoid bulk rejection rate in the metal castings 

 To support R&D  for developing alternate materials in the economical way 

 



Classification of most common metals crystal structures  

           1. Simple cubic SCC) structure      

 

In the simple cubic structure there is only one lattice point at each corner of the cube-shaped unit 

cell. They mark the position of either a single atom, or the same group of atoms, known as the 

motif, which is repeated across the lattice.    

            

 

2. Body centered cubic (BCC) structure 

The body-centered cubic unit cell has atoms at each of the eight corners of a cube (like 

the cubic unit cell) plus one atom in the center of the cube (left image below). Each of the 

corner atoms is the corner of another cube so the corner atoms are shared among eight 

unit cells. 

              

 

3. Face centered cubic (FCC) structure 

An arrangement of atoms in crystals in which the atomic centers are disposed in space in 

such a way that one atom is located at each of the corners of the cube and one at the 

center of each face. ... In Figure  all atoms are identical. 

 



                 

 

4. Hexagonal close packed (HCP) structure 

 

In a hexagonal close-packed (hcp) arrangement of atoms, the unit cell consists of three 

layers of atoms. The top and bottom layers (a) contain six atoms at the corners of a 

hexagon and one atom at the center of each hexagon. 

                             

 

Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Unit cells and bravais lattices of crystal structures, atomic packing factor, coordination 

number, void space and density  

 

 



Application & Behavior of crystal structures   

         1. Bending        2. Rolling     

                                            

 

 3. Stretching      4. Heat treatment 

           

Test after completion 

1) Bravais lattice consists of __________ space lattices. 

a) Eleven 
b) Twelve 
c) Thirteen 
d) Fourteen 
 

2) The crystal lattice has a _________ arrangement. 
a) One-dimensional 
b) Two-dimensional 
c) Three-dimensional 
d) Four-dimensional. 
 

3) The smallest portion of the lattice is known as __________ 
 

 a) Lattice structure 
 b) Lattice point 
 c) Bravais crystal 
 d) Unit cell 



4) Crystal structure gives the details of 

 a) Phases 

 b) Grains 

 c) Arrangement of atoms 

 d) Porosity 

 
5)  Every point of space lattice has -------- on surroundings. 

  (a) Atoms   

  (b) Element  

  (c) Lattice  

  (d) Identical 

Summary 

 We have discussed in detail about crystal structure and crystal structure types such as 
simple cubic, body centered, face centered, and hexagonal close packed crystal structure. 
 

 Simple cubic structure doesn’t exist in any engineering material 

 Metals like Cr, K, Na, V, Mo, Mn, αFe, etc. have body centered type of crystal structure. 

 .Metals like Mg,Zn,Cd etc  Having hexagonal close packed type of crystal structure. 

  FCC structures of the metals like Cu, Ag, Al, Pb, γFe, etc are more likely to be ductile than 

BCC, (body centered cubic) and HCP & HCP (hexagonal close packed) structure metals 

behave as brittle.  

 Demo Videos 

https://www.youtube.com/watch?v=Rm-i1c7zr6Q 
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Assignment questions 

 1. What is a Crystal? (or) What are crystalline materials? Give examples 

2.  What is an amorphous solid? Give example. (or) Non-Crystalline materials 

3.  What is meant by Crystallography? 

4. What is a single crystal? 

5. Define Lattice 

6. What is primitive cell? 

7. Name of the seven crystal system 

8. What are Bravais lattices? 

9. Define co-ordination number 

10. Define Atomic packing factor (or) Packing density (or) density of packing 
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Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Crystal structure 

Name of the Topic  : Imperfections in solids  

 

 Objectives:  
To understand the concepts of various imperfections in solids 

 Outcomes:  
Upon successful completion, the student should be able to know what is 

imperfection or defects in a solids and the causes for imperfections.  
 Pre-test:  

To recall the basic knowledge of various metallic structures 

 
1) Bravais lattice consists of __________ space lattices. 
a) Eleven 
b) Twelve 
c) Thirteen 
d) Fourteen 
 
2) The crystal lattice has a _________ arrangement. 
a) One-dimensional 
b) Two-dimensional 
c) Three-dimensional 
d) Four-dimensional. 
 
3) The smallest portion of the lattice is known as __________ 
 
 a) Lattice structure 
 b) Lattice point 
 c) Bravais crystal 
 d) Unit cell 
 
4) Crystal structure gives the details of 
 a) Phases 
 b) Grains 
 c) Arrangement of atoms 
 d) Porosity 
 
5)  Every point of space lattice has -------- on surroundings. 
  (a) Atoms   
  (b) Element  
  (c) Lattice  
  (d) Identical 
 



 
Imperfections/ Defects in solids - Theory 

 Solids are formed from many small crystals. However, during the process of 
crystallization, the defect in solids occurs due to the fast or moderate rate of formation of 
crystals. A crystal structure is composed of a unit cell, a set of atoms arranged in a 
particular way; which is periodically repeated in three dimensions on a lattice. 

           Any irregularity in the pattern of crystal arrangement in a solid lattice is 

called imperfection / defects in solids.  

 Need for the study of imperfections/defects in solids 

 To have knowledge about imperfections and the role of imperfections affecting the 

behavior of metals 

 To find the possibilities of reducing or removing these defects  

 To prevent the  unexpected failures of metals 

 To identify the methods to overcome the imperfections/defects  

 To alter the process parameters of the metals. 

 To provide sufficient information to the melting industries 

 

I. Classification of defects in crystalline metals  

 

 

 

 



 

I. Point defects 

1. Vacancy defect 

In crystallography, a vacancy is a type of point defect in a crystal where an atom is missing from 

one of the lattice sites. Vacancies are formed during solidification due to vibration of atoms. 

 

                    Fig shows .Vacancy defect is caused by loss of one atom from its lattice site. 

Where vacancy defects can be found? 

Vacancy defect can occur in any crystalline solid, in fact, it is inherent. Any material whose 
temperature is above absolute zero temperature (0K), can contain vacancies. With increase in 
temperature, number of vacancy defects increases exponentially. 

Causes of vacancy defects in solids: 

Vacancy, a point defect, may occur due to various reasons, as enlisted below: 

 For not allowing directional solidification, usually during casting. 
 Due to increase in temperature of the solid for various processing like heat treatment, 

coating, etc. Number of vacancies in a specific amount of solid increases exponentially as 
indicated by the expression provided below. 

 Due to irradiation or sputtering effect. 
 Due to presence of residual tensile stress within the solid. 

Effects of vacancies in solid: 

 Although depends on material and its crystal structure, in general, vacancies can decrease 
the bulk modulus and can increase the Young’s modulus. 

 Large vacancy concentration can reduce the ductility of the crystalline solid; however, 
can increase the hardness. 

 It can alter the thermal and electrical resistivity of the solid. 
 Common physical properties, like melting point, color, etc. can also vary due to presence 

of vacancies. 



Calculation of number of vacancies in solid: 

Vacancy defects are temperature sensitive. The number of vacancies present within a particular 
volume of solid at a particular temperature can be mathematically expressed by the following 
expression: 

Nv=N×e(–QvRT) 
 

Where,  

Nv = Total number of vacancies per unit volume of solid at a particular temperature 

(vacancies/m3). 

N = Total number of lattice sites per unit volume of solid (lattice sites/m3). 

Qv = Energy required to produce single vacancy in that solid (J/mole). 

R = Gas constant = 8.314 J/mole-K 

T = Absolute temperature of the solid (K) 

2. Interstitial defects 

 An interstitial defect occurs when an atom takes the interstitial position of the lattice 
structure. This interstitial atom may be of the same crystal or of a foreign material. Accordingly, 
interstitial defect can be of two types: 

 Self-Interstitial Defect—occurs when atom of the same crystalline solid occupies the 
interstitial position leaving its original lattice site. 

 Interstitial Defect—occurs when a foreign atom occupies the interstitial position. 

 

Fig 1. Foreign atom occupies the interstitial position of a perfect crystal. 



 

 

 

Fig 2.Extra atom of same crystal occupies the interstitial position of the crystal. 

Where interstitial defects can be found? 

 During iron to steel production, carbon atoms occupy interstitial positions of the iron 
crystal. 

 Similar thing happens in many alloys. 
 In semiconductor materials. 

Causes of interstitial defect in solids: 

 Presence of foreign atoms as natural impurities within the solid. 
 Deliberate addition, such as during iron to steel conversion, heat treatment, coating, etc. 
 Diffusion, caused by close contact between two different materials. 

Effects of interstitial defects: 

 Although extra atom occupies the empty interstitial space, the size of the atom is usually 
larger than that of the empty space. Thus the surrounding atoms are compressed and 
distorted. 

 Presence of substantial number of interstitial atoms can change the mechanical and 
thermal properties of the solid. However, this is sometime beneficial, and thus interstitial 
defects can be applied in a controlled way to enhance various properties of the solid. 

 Presence of large number of interstitial atoms can even convert electrically non-
conductive material to conductive one. 

 

 



3. Substitutional defects 

 

Substitutional Defect occurs when the original atom in the lattice site of a crystalline solid is 

replaced by a different type of atom. Unlike interstitial defect, foreign atom should occupy the 

lattice site only and not the interstitial position, as depicted below. The foreign atom may be of 

same size or different (either larger or smaller). Depending on the size of the substituted foreign 

atom, the neighboring atoms may remain either in tension or in compression. 

 

 

Figure shows a foreign atom replaces the original atom and occupies the lattice site in the crystal 

solid. 

Where Substitutional defects can be found? 

 Substitutional defects can be found in brass, where zinc atoms replace copper atoms. 
 In semiconductor materials also. 

Causes of Substitutional defect in solids: 

 Presence of foreign atoms as natural impurities within the solid. 
 Deliberate addition, such as during iron to steel conversion, heat treatment, sputtering, 

etc. 
 Diffusion, caused by close contact between two different materials. 



Effects of Substitutional defects in solids: 

 If the foreign atom is smaller in size as compared to the original atom of the solid, the 
neighboring atoms will remain in tensile stress. 

 If the foreign atom is larger in size as compared to the original atom of the solid, the 
neighboring atoms will remain in compressive stress. 

 So, presence of foreign atom may distort the original lattice structure. 
 Presence of substantial number of foreign atoms can change the mechanical and thermal 

properties of the solid. However, this is sometime beneficial, and thus substitutional 
defects can be applied in a controlled way to enhance various properties of the solid. 

4. Schottky defect 

It is one type of Point Defect that occurs in ionic crystals. Schottky defect occurs when 

oppositely charged atoms (cation and anion) leave their corresponding lattice sites and create a 

pair of Vacancy Defects. Since both cation and anion leave the lattice sites at the same time, so 

overall electrical neutrality of the crystal is maintained; however, density reduces because of the 

vacancies. 

 

 

Fig: Difference between perfect crystal and Schottky defect is shown here. In Schottky defect, 
one cation and one anion leave their lattice sites to create two vacancies. 

Example of materials where Schottky defect can be found: 

 Sodium Chloride (NaCl) 

 Potassium Chloride (KCl) 

 Potassium Bromide (KBr) 

 Silver Bromide (AgBr) 

 Cerium Dioxide (CeO2) 

 Thorium Dioxide (ThO2) 



Features of Schottky Defect: 

 Schottky defects occur in ionic crystals where the size of anion is almost same with the 
size of the cation. 

 One anion and one cation leave the crystal at the same time to create Schottky defect. 
None of them occupies the interstitial site again. 

 One Schottky defect leads to the formation of two vacancies. 
 Electrical neutrality of the whole crystal is maintained. 
 Density of the crystal decreases for Schottky defects as vacancies are created. 

 
Difference with Frenkel Defect:  

 Although both—Schottky and Frenkel defects occur in ionic materials, Frenkel defect 

occurs if size of anion is quite large as compared to that of the cation; whereas, Schottky 

defect occurs if the difference in size between cation and anion is small. 

 In Frenkel defect, only the smaller ion (cation) leaves its original lattice site; whereas, the 

anion remains in corresponding lattice site. However, in Schottky defect, both cation and 

anion leaves the solid crystal. 

 Unlike Frenkel defect where one atom shifts from original lattice site to the interstitial 

position, in Schottky defect two atoms leave the solid crystal. So one vacancy and one 

self-interstitial occur in Frenkel defect; whereas, two vacancies occur in Schottky defect. 

 The number of atoms present in the crystal before and after Frenkel defect remains same. 

However, one Schottky defect leads to the reduction of two atoms from the crystal. 

 Density of the solid crystal before and after Frenkel defect remains same as no atom 

leaves the solid. However, Schottky defect reduces density of the solid. 

5. Frenkel defect 

        Frenkel Defect is one type of Point Defect; in fact, it is a combination of both Vacancy and 

Interstitial type of point defects. Usually, this type of defect is observed in ionic solids, where 

size of anion is substantially larger than the size of cation. Basically, a Frenkel Defect is one type 

of point defect where an atom (better to say ion, especially cation) leaves its original lattice site 

and occupies an interstitial position on the same crystal. 

When an atom leaves the original lattice site then Vacancy Defect is created. 

Alternatively, when an atom (of same crystal or foreign crystal) occupies the interstitial site then 

Interstitial Defect is created. Since, in Frenkel Defect, one atom leaves the original lattice site 

and occupies an interstitial site in the same crystal, so Frenkel Defect is a pair of Vacancy & 

Self-interstitial Defects. 



 

Fig: In Frenkel Defect, cations move from original lattice site to interstitial position; while, the 
larger ions (anion) remain in their corresponding lattice sites. 

II. Line defects 

In crystal defect. Line defects, or dislocations, are lines along which whole rows of 
atoms in a solid are arranged anomalously. The resulting irregularity in spacing is most severe 
along a line called the line of dislocation. Line defects can weaken or strengthen solids. 

 

a) Edge dislocations 

 One of the most common crystal structure defects is known as an edge dislocation. This 
occurs when there are extra atoms inserted into a plane in the crystal lattice. Edge 
dislocations make it easier for atoms to slip past one another, making it easier for the metal to 
deform. 

 



 

b) Screw dislocations 

 There is a second basic type of dislocation, called screw dislocation. The screw 
dislocation is slightly more difficult to visualize. The motion of a screw dislocation is 
also a result of shear stress, but the defect line movement is perpendicular to direction of 
the stress and the atom displacement, rather than parallel. 

 Burger vector is the defining characteristic for dislocations. 

 Burger vector is the magnitude and direction of lattice distortion in a crystal by a 
dislocation 

 Edge dislocation, - distortion of crystal lattice by an amount of b burger vector in the 
direction perpendicular to burger vector. 

 Screw dislocation,-  displacement of the crystal lattice by an amount b burger vector in 
the direction parallel to burger vector. 

 

Burgers vector for Line/Edge Dislocation  Burgers vector for Screw Dislocation 

 

 

 



III. Surface defect 

 A) Grain boundary 
 b) Tilt or twist boundary 
 c) Twin boundary 
 d) Stacking fault 
 
Material Surface 

 The exterior dimensions of the material represent surfaces at which the lattice abruptly 
ends. Each atom at the surface no longer has the proper coordination number and atomic 
bonding is disrupted. The exterior surface may also be very rough, may contain tiny 
notches, and may be much more reactive than the bulk of the material. 

 Surface defects are defects of two dimensional nature in the mathematical sense (that is, 
they have two dimensions). These are areas of distortions that lie about a surface, having 
a thickness of a few atomic diameters (that is, the thickness is almost negligible 
compared to other two dimensions of the surface). From the thermodynamics point of 
view, surface defects are not stable-and are present as metastable defects, and under 
suitable conditions, these defects can be removed 

a) Grain boundary 
 
 Grain Boundaries 

The microstructure of most materials consists of many grains. As said above in the 
introduction, the orientation of the atom arrangement, or crystal structure, is different for each 
adjoining grain. Two grains are shown schematically in the following figure: 

 

 



b) Tilt boundary                              
A boundary between two crystals that differ in orientation by only a few degrees, 

consisting of a series of edge dislocations; it is formed during polygonization. Also known as 
bend plane; polygon wall. 

 

 A twist boundary causes a pure rotation between two crystals of the same structure. 
The boundary is composed of a regular two-dimensional array of screw dislocations of 
the same sign in the boundary plane. If all the dislocations have a Burgers vector, b, and 
their spacing in the array is D, the twist angle is q = b/D. 

c) Twin boundary 

 Twin boundaries occur when two crystals of the same type intergrow so that only a 
slight misorientation exists between them. It is a highly symmetrical interface, often with 
one crystal the mirror image of the other; also, atoms are shared by the two crystals at 
regular intervals. 

 

 



Volume Defects. 

 Volume defects are Voids, i.e. the absence of a number of atoms to form internal surfaces in the 
crystal. They have similar properties to microcracks because of the broken bonds at the surface. 

1. Impurity defects 

 a) Substituitinal impurity defect   

   

                                                            

        b) Intersitial impurity defect 

                               

 

2. Stochiometric defects 

      

Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Imperfections / crystal defects in solids – Point, line, surface and volume defects of 

the crystal. 

Application & Behaviour of crystal structures   

       In semiconductor production, doping is the intentional introduction of impurities into an 
intrinsic semiconductor for the purpose of modulating its electrical, optical and structural 
properties. ... Doping is also used to control the color in some pigments. 



         

 

 

        



Test after completion 

1. Which of the following is a point defect in crystals? 

a) Edge dislocation 

b) Interstitialcies 

c) Grain boundaries 

d) Cracks 
 

2. The defect that occurs due to a displacement of an ion is known as __________ 

a) Vacancy defect 

b) Schottky defect 

c) Frankel defect 

d) Interstitial defect. 
 

3.  _______ occurs when a foreign substance replaces an atom in a crystal. 
 

a) Vacancy defect 

b) Substitutional impurity 

c) Frankel defect 

d) Interstitial impurity 

 

4. A disturbance in a region between two ideal parts of a crystal is known as ________ 

a) Boundary defect 

b) Point defect 

c) Line defect 

d) Volume defect 

 
5. What are one-dimensional defects? 

 
a) Boundary defect 
b) Point defect 
c) Line defect 
d) Volume defect 



 
Summary 

 We have discussed in detail about the  various defects in crystals 
 According to the arrangement of atom the strength of the metal is defined 

 Any distortion in the crystal lattice leads to change the orientation of the crystal lattice. 

 .All real crystals will have defects due the various operating conditions . 

  An ideal crystal is nothing but a single crystal, so the probability of mis orientation is not 

possible. .  

 

 Demo Videos 

 

https://www.youtube.com/watch?v=Rm-i1c7zr6Q 
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Assignment questions 

 1. Briefly explain about the point defects of the metallic crystal.? 

2.  Explain in detail about the Line defects in the crystal.? 

3.  What is meant by grain boundary/ explain detail about grain boundary defect 

4. What is meant by surface defect and explain in detail? 

5. Briefly explain the volume defects in crystal? 
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Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Crystal structure 

Name of the Topic  : Dislocation strengthening Mechanisms  

 

 Objectives:  
To understand the basic concepts of different dislocation strengthening 

mechanism of metals and its crystal structures 
 Outcomes:  

Upon successful completion, the student should be able to understand importance 
of  dislocation strengthening mechanisms of metals and its crystal structures.  

 Pre-test:  

To recall the basic concepts of imperfections/ defects of various crystal structures 

1.  Vacancy defects in solids is a sub type of __________ 

a) Point imperfections 

  b) Line imperfections 

c) Volume imperfections 

d) Surface imperfections 

2. Substitution of a foreign atom in the site of parent atom in the crystal is a? 

a) Vacancy defect 

b) Substitution impurity 

c) Volume imperfection 

d) Vacancy defect 
 

3. Edge dislocation imperfection is a sub type of _____________ 

a) Point imperfections 

b) Line imperfections 

c) Volume imperfections 

d) Surface imperfections 



4. When a pair of cation and anion are missing in a crystal, it is called ____________ 

a) Vacancy defect 

b) Line imperfection 

c) Schottky’s defect 

d) Frenkel defect 
 

5. 1. Which of the following is a point defect in crystals? 

a) Edge dislocation 

b) Interstitialcies 

c) Grain boundaries 

d) Cracks 

View Answer 

Answer: b 
 
6.  Which defect does the following diagram represent? 

 

a) Vacancy defect 

b) Schottky defect 

c) Frankel defect 

d) Interstitial defect 

View Answer 

Answer: d 



7. What are one-dimensional defects? 

a) Boundary defect 

b) Point defect 

c) Line defect 

d) Volume defect 

View Answer 

Answer: c 

 

8. What are two-dimensional defects? 

a) Boundary defect 

b) Point defect 

c) Line defect 

d) Volume defect 

View Answer 

Answer: a 
 

9. The magnitude and direction of lattice distortion are expressed in terms of which 
vector? 

a) Dislocation vector 

b) Screw vector 

c) Edge vector 

d) Burger vector 

View answer 

Answer: d 

10. Which type of stress is involved in the motion of screw dislocation? 



a) Tensile stress 

b) Shear stress 

c) Compressive stress 

d) Does not involve stress 

View answer 

Answer: b 
 

Strengthening Mechanism  - Theory 
 
 In pure state of some metals, the strength is not sufficient for specific engineering 

applications 

 All the metals have movable internal dislocations due to stresses associated with 

respective processes. 

 The ability of a metal to deform plastically. depends on the ability of dislocations to move 

  Hardness and strength are related to how. easily a metal plastically deforms, A crystal 
structure is composed of a unit cell, a set of atoms arranged in a particular way; which is 
periodically repeated in three dimensions on a lattice. 
 

Need for the study of strengthening mechanisms 

 To reduce/avoid the movement of the dislocations, which leads to plastic deformations. 

 To understand underlying mechanisms of techniques used to strengthen and harden the 

metals and their alloys. 

 To design and tailor mechanical properties of materials 

 

 

 

 

 

 

 

 

 



Classification of most common strengthening mechanisms in metals 

 

             

 

Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Dislocations, Strain hardening, solid solution, strain aging, precipitate 

hardening/strengthening, grain boundary. 

 
Applicaion of Strengthening mechanisms   

 

 



       

 

 

Test after completion 

1. Which of the following isn’t a strengthening mechanism? 

a) Grain size reduction 

b) Solid solution strengthening 

c) Strain hardening 

d) Grain size increment 

2. Which of the following is not improved by grain size reduction? 

a) Hardness 

b) Toughness 

c) Elasticity 

d) strength 



3. Which of the following isn’t a strengthening mechanism for multi-phase materials? 

a) Precipitation strengthening 

b) Dispersion strengthening 

c) Solid solution strengthening 

4. At what angle are Hartmann lines inclined to the tensile axis? 

a) 45 degrees 

b) 15 degrees 

c) 30 degrees 

d) 20 degrees 

5. In strain hardening, the body is plastically deformed. 

a) True 

b) False 

Summary 

 All real crystals are having defects  due to various process paramenters. 
 

 To over come the dfects/dislocations, variety of strengthening mechanisms we discuused 

above. 

 To retard the movement of the atoms are carried out by heat treatment. 

 .vacancies of the lattice are filled by bringing back of the atoms by strengthening 

mechanisms. 

 Demo Videos 

                     https://www.youtube.com/watch?v=pWPQHlVQl_k 
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Assignment questions 

 1. What is meant by strengthening of metals? Give examples 

2.  What is meant by solid solution hardening 

3.  Define the trem aging? And what is meant by age hardening? 

4. What is the difference between dispersion hardening and particulate strengthening? 

5. Define strain aging and strain hardening. 

************************************************************************** 

 

 

 

 



Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Crystal structure 

Name of the Topic  : Critically resolved shear stress  

 

 Objectives:  

To understand the mechanism of slip  of a stressed material,  

 Outcomes:  

Upon successful completion, the student should be able to understand the 
dislocations of slip systems is mainly due to the applied shear stress by resolving along 
slip plane and slip direction. 

 Pre-test:  

To recall the basic knowledge of shear stress,slip system 

1.   Slip plane along with the direction of slip is called a slip system. 

    a) True 

    b) False 

2.  How many slip system are there in FCC lattice? 

a) 12 

b) 6 

c) 10 

d) 18 

3. Which law is related to slip plane and slip direction? 

a) Bragg’s law 

b) Fick’s law 

c) Schmid’s law 

d) Such a law doesn’t exist 

 



4. Which of the following stresses is required for the slip to occur? 

a) Tensile stress 

b) Compressive stress 

c) Critical resolved shear stress 

d) Slip doesn’t occur due to stress 

 
  5.  Slip is important for deformation to occur. 

a) True 

b) False 

Critically resolved shear stress - Theory 

 Critical resolved shear stress (CRSS) is the component of shear stress, resolved in the 
direction of slip, necessary to initiate slip in a grain. 

 The shear stress needed to cause slip in a given direction along a given crystallographic 
plane of a single crystal. 

 Schmid's Law : states that the critically resolved shear stress (τ) is equal to 
the stress applied to the material (σ) multiplied by the cosine of the angle with the vector 
normal to the glide plane (Φ) and the cosine of the angle with the glide direction (λ). The 
applied force along the tensile axis is F = σA. 

 Crystalline materials tend to deform or fail by the relative motion of planes of atoms under 
the action ofstress. This motion is induced by the component of stresses acting across the 
slip planes. Thedeformation process is a collective motion of adjacent slip planes. But all 
the planes do not startdeforming simultaneously. Rather slip starts from a single plane and 
then other planes follow. The firstslip occurs when the shear stress across the plane 
exceeds a certain value. This threshold value iscalled 

 Critical Resolved Shear Stress As the slip plane is inclined at an angle(φ) with the tensile 
axis, the cross sectional area of the slip planewill be A/cos φ 

 Slip occurs on a direction which is contained within the slip plane. The tensile load 
willhave a component along the slip direction which will be responsible for the shear 
stress developed onthe slip plane. The component of the load will be P · cos λ 

 Shear stress on the slip plane along the slip direction is given by 
Shear stress = Load across the plane/Cross sectional area 
τR=resolvedforceactingonslipplane / areaofslipplane 

τ = P · cos λ/(A/cos φ) = (P/A) · cos λ · cos φ 
  



P/A can be substituted for tensile stress (σ), and the equation then becomes: 

τ = σ· cos λ · cos φ 

 The term  cos λ · cos φ is known as Schmid factor (m). 

 

 

 Figure Shows:Two separated portions of a crystal showing a model for calculating the 
resolved shear stress in a single-crystal specimen. F is the applied force, A is the cross-
sectional area of the specimen,  is the angle between the normal-to-the-slip plane and 
the compression axis, and is the angle between the slip direction and the compression 
axis. 

 The stress required to initiate slip in a pure and perfect single crystal, the critical resolved 
shear stress (CRSS) is a constant for a material at a given temperature. This rule, known 
as Schmid's Law, has been experimentally proven for a large number of single crystals.  

 The critical stress required to cause yielding is a function of  or the Schmid 
factor. The slip plane with the greatest resolved shear stress acting upon it will 
predominate in the slip process. 

 the difference between Resolved Shear Stress and Critical Resolved Shear Stress. ... The 
“resolved shear stress” is that component of the applied stress that causes shear on a 
given plane in a given direction. It is not a material parameter; it changes when the 
applied stress or geometry change. 

 Whereas the critical resolved shear stress is the minimum shear needed to cause 
dislocation motion for a certain material in a certain state condition. 



Need for the study of critically resolved shear stress 

 Integerity of metalilic crystals under long cyclic loading 

 Forcast the failure probabilities of components under different loading 

 Estimate the shear stress that cause to dislocations as a slip. 

 Unexpected failures of metals 

 To analyse the slip dirction and glide plane and glide direction. 

Applicaion & Critical resolved shear sress 
 

   
 
 

  Tensile load - Ductile( cup and cone) and brittle fracture                              

 
 



Fracture Due to shear                              

 
Fatigue Fracture                        

 

 

 

 

 

 

 

 

 

Test after completion 

1) What is the slip plane in HCP crystals? 

a) (0001) 

b) (0110) 

c) (1011) 

d) (1012) 

Answer: a 
 



2) What is the slip direction in BCC crystal structure? 

a) <110> 

b) <1120> 

c) <111> 

d) <101> 

Answer: a 

3) Resolved shear stress is given as τ = ______ 

a) σ sinφ sinλ 

b) σ sinφ cosλ 

c) σ cosφ sinλ 

d) σ cosφ cosλ 

Answer: d 

4. What is experimental CRSS value of silver crystal? 

a) 0.37 x 103 MPa 

b) 0.49 x 103 MPa 

c) 0.78 x 103 MPa 

d) 0.26 x 103 MPa 

Answer: a 

5)  The positive climb involves diffusion of _____ while negative climb involves diffusion of _____ 

a) Vacancies, vacancies 

b) Vacancies, interstitials 

c) Interstitials, vacancies 

d) Interstitials, interstitials 

Answer: b 



Summary 

 From the above we understand about the difference between resolved shear stress and 
critically resolved shear stress 
 
Resolved shear stress (RSS) is the shear component of an applied tensile or compressive 
stress resolved along a slip plane that is other than perpendicular or parallel to the stress 
axis. 
 

 

 Demo Videos 

https://www.youtube.com/watch?v=SagEeGEGpas 
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Assignment questions 

 1. Derive the equation for critical resolve shear stress during slip in single crystal. State the 
condition for geometrical softening and geometrical hardening. 

2.  Maximum shear stress is obtained if slip plane is at 45 degree in a single crystal. Explain it. 

3.  Define slip plane and slip direction. 

4. Distinguish between slip and twinning 

5. Explain the difference between the resolved shear stress and critically resolved shear stress 
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Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Mechanical property measurement 

Name of the Topic  : Mechanical properties of metals and hardness 

measurements 

 

 Objectives:  

 To Define the differences between ductile and brittle materials.  

 State the principles of impact, creep and fatigue testing.  

 State the principles of the ductile-brittle transition temperature. 

 Outcomes:  

Upon successful completion, the student should be able to recall/regain the 

basic concept of mechanical properties of different metals.  

 Pre-test:  

To recall the basic knowledge of various mechanical properties of metals. 

1.  What type of wear occurs due to an interaction of surfaces due to adhesion of the metals? 

a) Adhesive wear 

b) Abrasive wear 

c) Fretting wear 

d) Erosive wear 

2. The measure of ductility is 
a) Percentage elongation 
b) modulus of resilience 
c) modulus of toughness 
d) ultimate tensile strength 

3. Fine grain sizes are obtained by 
 

a) fast cooling 
b) slow cooling 
c) increasing nucleation rate 
d) decreasing growth rate 
 
 



4. The hardness in steel is basically due to presence of cementite. 

True  

False 

5. The permanent mode of deformation of a material known as _____________ 
a) Elasticity 
b) Plasticity 
c) Slip deformation 
d) Twinning deformation 

 
Answer: b 

 
Mechanical properties - Theory 

 Often materials are subject to forces (loads) when they are used. Mechanical engineers 
calculate those forces and material scientists how materials deform (elongate, 
compress, twist) or break as a function of applied load, time, temperature, and other 
conditions. 

  Materials scientists learn about these mechanical properties by testing materials. 
Results from the tests depend on the size and shape of material to be tested (specimen), 
how it is held, and the way of performing the test. That is why we use common 
procedures, or standards. 

 
Tensile Test : Gradually increase tensile load applied uniaxially along the axis of the 
specimen; deforming the specimen until fracture (destructive test). See standard tensile 
specimen with circular cross section and reduced section length at least 4 times the 
diameter. Guage length is used in computations. 
 
 
 
 
 

extensometer      specimen 

 
 
 

                                                                                                         2”gauge length 

 
 
 
 
 
 
 



  
F

 A0 

 
 
 The specimen is mounted by its ends into the holding grips of the testing apparatus as 

shown; which elongates the specimen at constatnt rate.. 

 Load cell measures the applied load continuously and instantaneously, and resulting 

eleongations are measured by extensometer. 

 The output of the tensile test is recorded o a strip chart (or by a computer) as load 

versus eleongation. 

 

 To minimize dependencey on geometrical factors, load and deformation are 

normalized to engineering stress and engineering strain 

                                   Engineering stress:  

Where F = instantaneouse load applied  to the specimen cross section (N) 

 Ao = original cross-sectional area before applying load (m^3) 

So unit os stress is MPa = 10^6 N/m2 or psi (1 MPa = 145 psi). 

 

Engineering strain: 

 

Where li = instantaneous length 

lo = original length before applying load 

 

li - lo = defoemation eleongation or change in length at some instant 
So unit of strain is m/m or unitless. Sometimes expressed as percentages. 

 
SSttrreessss aanndd ssttrraaiinn aarree rreellaatteedd aass   E 

Where E = modulus of elasticity or      
young’s Modulus (GPa; psi). 

l0 l0 
  

li  l0 
  l 



Compression Tests 

 A compression test is conducted in a manner similar to the tensile test, except that the force is 
compressive and the specimen contracts along the direction of the stress. Used when the material is 
brittle in tension or when a material’s behavior under large and permanent strains  is desired. 

 Equations (6.1) and (6.2) are utilized to compute compressive stress and strain, respectively 
(negative stress). 

 Tensile test are more common because they are easier to perform. 

 

 

 

 

 

 

 

 

 

 

Shear and Torsional Tests 
 For tests performed using a pure shear force (fig. 6.1c), shear stress is defined as: 

 
 
 

Where F = shear force parallel to the upper and lower force; each with 
Ao. 

 

 The shear strain is defined as the tangent of the strain angle  (see figure) 
  tan( ) 

Same units as above. 
Shear stress and strain are related as 

  G 

Where G = modulus of regidity  

(shear modulus of material, MPa). 
 

 

 
Torsion is a variation of pure shear (structural member is twisted as in fig.  

   
T 

J 
Where T = torque exeted on any cross section of the shaft. 

  
F 

A0 



1. Initial 2. Small load 3. Unload 

bonds 

stretch 

return to

initial 



F 

J = polar moment of 
inertia (m^4). 

= distance from axis of 
shaft. 

Torsional forces produce a rotational motion about the langitudinal axis of one 
end of the member (shagft) relative to the other end (see fig.), called twist 
angle: 

   
T L 

J G 

Where L = length of shaft. 
 

Elastic deformation is the deformation in which stress and strain are linearly 
proportional. See figure next. So, the slope of line is E which may be thought as 
the stiffness or material’s resistance to elastic deformation. 

 
 Elastic deformation is reversible (nonpermanent), specimen 

returns to its original shape when applied load is released, see 
figure.  
 

 
 



PLASTIC DEFORMATION 

 For most metallic materials, elastic deformation persists only to strains of about 
0.005. As the material is deformed beyond this point, the stress and strains are no 
longer linearly proportional (Hook’s law is not valid) and permanent 
(nonrecoverable) or plastic deformation occurs, see figure. 

 From an atomic prespective, plastic deformation corresponds to the breaking of 
bonds with original atom neighbors and then reforming bonds with new neighbors 
as large numbers of atoms (or molecules) move relative to one another; upon 
removal of the stress they do not return to their original position. 

 For crystalline solids the mechanism of this deformation is accomplished by a 
process called slip. (motion of dislocations). For noncrystalline solids (and liquid) 
plastic deformation occurs by a viscous flow mechanism (chapter 12). 

 
 
 
 
 

 

 

 

 

 

 

 

Tensile properties 
a) Yielding and Yield Strength 

 Most structures are designed to ensure that only elastic deformation will 
result when a stress is applied. Need to know the level where plastic 
deformation begins, or where the 
phenomenon of yielding occurs. 

 The initial departure from linearity 
of the stress- strain curve is called 
the proportional limit, point P in 
figure shown which may not be 
determined very precisely. 

 So, a straight line is constructed 
parallel to the elastic portion of 
the curve at the strain value of 

        0.002 (strain offset method).  
 
 
 

 The stress that corresponds to the intersection is defined as the yield strength  y (Mpa) 

1. Initial 3. Unload 

bonds 

stretch 

& planes 

shear 

 elastic + plastic 
 plastic 

F 



TS 

engineering strain 

– used strength instead of stress because it is a metal property whereas stress related to 
load. 

 For materials with nonlinear elastic region; yield strength is defined at some amount of 
strain (e.g. 0.005). 

 Some steels and other materials exhibit what is called a yield point phenomenon (see 
part b in figure): at the upper yield point, plastic deformation is initiated with actual 
decrease in the stress. Continued deformation fluctuates slightly about some constant 
stress value named lower yield point. Then stress increases as strain increases. For 
metals that display this effect, the yield strength is taken as the average stress associated 
with lower yield point. 

 The magnitude of yield strength for a metal is a measure of its resistance to plastic 
deformation (ranging 35 MPa for low-strength aluminum to 1400 MPa for high-
strength steels). 

Tensile Strength 
 After yielding, the stress necessary to continue plastic deformation in metals increases 

to point M (see fig.) and then decreases to the eventual fracture point F. 
 Tensile strength (TS) is the stress at the maximum on the engineering stress-strain 

curve; it is the maximum stress that can be sustained by a structure in tension  
uniform deformation - M- necking begins. If this stress applied and maintained, 
fracture will result.  

 The fracture strength corresponds to the stress at fracture. 
 Tensile strength may range from 50 MPa for aluminum to 3000 MPa for high-strength 

steels. 
 When strength of a metal is cited for design purposes, the yield strength is used (no 

need for plastic deformation). See summary next. 

 

        F = fracture or strength 

 

Neck – acts as 
stress concentrator 

 

 

 

                         Typical response of a metal 

 

 

 

 



 

Ao 

Ductility 
 Ductility (another important mechanical property) is a measure of the 

degree of plastic deformation that has been sustained at fracture. 
 A material that experiences very little 

or no plastic deformation upon fracture 
is termed brittle. See figure. 

 Ductility is expressed quantitatively 
as either percent elongation or 
percent reduction in area. 

 Percent elongation, %EL 
 

 
 

Where lf = fraction length 
lo = original guage length (commonly 50 mm) 

 Percent reduction in area, %RA 
 
 
 
 

Where Af = cross-sectional 
area at fracture 

Ao = original cross-
sectional area 

  
Lo Af Lf 

 Both Af and lf are measured subsequent to 
fracture and after the two broken ends are 
repositioned back together. 

 Most metals processes a moderate degree of ductility at room temperature, 
however, some become brittle as the temperature is lowered. 
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 Knowledge of the ductility of materials is important for:  

1) it indicates to the designer the degree to which a structure will deform 
before fracture,  

2) it specifies the degree of allowable deformation during fabrication 
operations. 

 
 Brittle materials are approximately those that have a fracture strain of less than 5%. 

 
Table 6.2 shows values of yield strength, tensile strength, and ductility 
for some common metals at room temperature: 

 

 These properties are sensitive to any prior deformation, existing impurities, and/or any prior 

heat treatment. 

 The magnitude of both yield and tensile strengths decline with increasing temperature; just 

the reverse holds for ductility which increases with temperature. See figure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Resilience 
 

 Resilience is the capacity of a material to absorb (to store) energy when it is deformed 

elastically and then (upon unloading) to have this energy recovered. 

 Associated property is termed modulus of resilience Ur which is the strain energy per 

unit volume required to stress a material from unloaded state up to the point of 

yielding. 

 Computationally Ur for a specimen subjected to a uniaxial tension test is just the area 

under the engineering stress-strain curve taken to yielding (see figure): 

 
 

 
Assuming a linear elastic region, 

 

 
 

The units of 
resilience are N m  J 

 
 energy absorption per unit volume. 

m 2 m m 3 

 Using equation 6.5 into equation 6.13b, we get 
 

 
 

 Thus, a resilient material is that which has high yield strength and low modulus of 
elasticity, such an alloy would be used in spring applications. 

Toughness 
 Loosely speaking, toughness is a measure of the ability of a material to absorb 

energy up to fracture. Geometry of specimen and manner in which load is applied 
are important in determining the toughness. 

 For static (low strain) situation, 
toughness = area under stress-strain curve up to point of fracture (J/m^3) . 

 So, for material to be tough it must display both strength and ductility. Ductile 
materials are tougher than brittle ones (see figure above, page 8). 

Engineering tensile 
stress,  

small toughness (ceramics) 

 
large toughness (metals) 

 
very small toughness 

             (unreinforced polymers) 
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True Stress and Strain 
 From figure on page 7, the decline in the stress necessary to continue 

deformation past point M (the max.) seems to indicate that the metal is 
becoming weaker. This is not at all the case. Actually, the metal is increasing 
in strength, however; the cross-sectional area is rapidly decreasing (necking). 
This results in a reduction in the load-nearing capacity of the specimen. 
Equation 6.1 does not take into account this reduction in area. 

 Sometimes it is more meaningful to use a true stress- true strain scheme; using 
the instantaneous cross-sectional area Ai (the neck past the tensile strength). 
True stress is 

 
 

 
 

 Furthermore, it is occasionally more convenient to represent strain as true 
strain defined: 

 
 

 

 If no volume change occurs during deformation – that is, if 

 

Then true and engineering stress and strain are related according to; 

 

 
 
Equations (6.18) are valid only to the onset of necking. 

 Figure shows a comparison between 
engineering and true stress-strain 
curves. 

 Note that true stress necessary to 
sustain increasing strain continues to 
rise past the tensile point M’. 

 Coincident with the formation of a neck 
is the introduction of a complex stress 
state within the neck region (other 
stress components in addition to axial 
stress). As a result, the correct stress 
(axial) within the neck is slightly lower 
than the true one.  

 This leads to the “corrected” 
curve as shown. 
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 For some metals and alloys the region of the true 
stress-strain curve from the start of plastic deformation to the point at 
which necking begins may approximated by: 

 

 Where K and n are constants; these values that vary from alloy to 
alloy, and will also depend on the condition of the material 
(plastically deformed, heat treated, or…..). 

 ‘n’ is often termed the strain hardening exponent and has a value 
< 1. Next table shows values of n and K for several alloys. 

 
 

Elastic Recovery After Plastic Deformation 
 Upon release of the load during the course of a stress- 

strain test, some part of the total deformation is 
recovered as elastic strain. In figure shown, during the 
unloading cycle, the curve traces a near straight-line 
from point of unloading (point D) with a slope 
virtually identical to module of elasticity. The 
magnitude of this elastic strain, which is regained 
during unloading, corresponds to the strain recovery. 

 If the load is reapplied, the curve will traverse  
essentially the same linear portion in the direction 
opposite to unloading, yielding will again occur at the 
unloading stress level where the unloading began. 
There will also be an elastic strain recovery 
associated with fracture. 

 

T  T  K  n 



Hardness 
 Hardness (another mechanical property) is a measure of a material’s resistance to 

localized plastic deformation (small dent or a scratch). 
 Many hardness tests have been developed over the years: 
 Early tests used natural minerals with a scale based only on the ability of one 

material to scratch another that was softer. 
 Quantitative and some arbitrary hardness indexing scheme was developed and 

terms Mohs scale (range: 1 on the soft end for talc to 10 for the diamond). 
 Quantitative hardness techniques have been developed in which small indenter is 

forced into   the surface of a material to be tested under controlled conditions 
of load and rate of application. The depth or size of the resulting indentation is 
measured and then related to a hardness index number; softer material  
larger & deeper indentation  lower hardness index number. 

 Hardness tests are performed more frequently than any other mechanical test for 
several reasons: 

1) Tests are simple and inexpensive. No special specimen needed; inexpensive testing 
apparatus. 

2) Tests are nondestructive; small-indentation deformation. 
3) Other mechanical properties often may be estimated from hardness data (e.g. tensile 

strength). 

 

Rockwell Hardness Tests 
 Most common test to measure hardness. Easy and no need for special skills. 
 Many possible combinations of various indenters and different 

loads, which permits testing of virtually all metal alloys (as well as 
some polymers). 

 Indenters: 
1) Spherical and hardened steel balls 

with diameters: 
1 , 1 , 1 , 
1 

inch 

16    8    4   2 

2) Conical diamond indenter; for the hardest material 
 In this system, a hardness number is determined by the difference in 

depth of penetration resulting from the application of an initial minor 
load followed by a larger major load (mirror load used to enhance 
accuracy). 

 
 
 
 
 

 Based on such loads, there are two types of tests: a) Rockwell test: 
minor load = 10 kg; 



major load = 60, 100, and 150 kg . Each is represented by a letter (see 
tables 6.4 and 6.5a). 

b) Superficial Rockwell test 
minor load = 3 kg; 

major load = 15, 30, and 45 kg . Each is represented by its value 
followed by N, T, W, X, or Y depending on the indenter (see table 6.5b 
for scales). 

Superficial tests are frequently performed on thin specimens. 

 Specification is indicated by hardness number followed by sale identification 

(HR+ scale symbol) 

Ex. 80 HRB  Rockwell hardness of 80 on the B scale (1/16 in ball) 

Ex. 60 HR30W  Superficial Rockwell hardness of 60 on the 30W scale 

 For each scale, hardness may range up to 130, however; if hardness values > 100 

or < 20 they become inaccurate and it is best to use the next harder or softer scale. 

 Inaccuracy also results if: 

a) test specimen is too thin; 

b) indentation made is made too near a specimen edge, or 

c) two indentations are made too close to one another; 

 Thickness should be at least 10 times the indentation depth, whereas allowance 

should be made for at least 3 indentation diameters between the center of one 

indentation and the specimen edge, or to the center of a second indentation. 

 Testing of specimens stacked one on the top of another is not recommended. 

 Accuracy is dependent on the indentation being made into a smooth flat surface. 

 Shown is a modern apparatus for making Rockwell hardness test where hardness 

is read directly, and each measurement requires only a few seconds. 



 

 

 
 

Brinell Hardness Tests 
 In these tests, a hard spherical indenter is forced into the surface of the metal to be 

tested 

 Indenter: 

spherical and hardened steel (or tungsten carbide) with diameter of 10 mm (0.394 in.) 

 Standards loads range is 500 to 3000 kg in 500-kg increments during a test, the load is 

maintained constant for a specified time (10 to 30 s). Harder materials require greater 

applied loads. 

 The Brinell hardness number ’HB’ (or BHN) is a function of both the load and the 

diameter of the resulting indentation (see table 6.4). 

 Indentation diameter is measured with a special low-power microscope, utilizing a 

scale that is etched on the eyepiece. The measured diameter is then converted to the 

appropriate HB number using a chart. 

 Maximum specimen thickness as well as indentation position and minimum 

indentation spacing are the same as for Rockwell tests. 



 Need a smooth flat surface for well-defined indentation to be made.



Knoop and Vikers MicroHardness
 Indenter: 

Very small diamond indenter having pyramidal geometry which is 
forced into the surface of the specimen.

 Applied loads range from 1 to 1000 g (much smaller than for other
 Resulting impression is observed under a microscope and 

measured. This measurement is then converted into a hardness 
number (see page 14). 

 Must prepare surface by grinding and polishing to accurately measure
 Knoop and Vikers hardness numbers are designated by HK (or 

KHN) and HV (or VHN), respective
 Both are well suited for measuring the hardness of small, selected 

specimen regions. Knoob is used for testing materials such as
 Other hardness-testing techniques are frequently employed but will not be

discussed. 
 

Hardness Conversion 
 The tool to convert the hardness measured on one scale to that of another is most 

desirable. But there is no comprehensive
scheme. 

 Hardness conversion data have been determined experimentally and found to be 
dependent on the material type and 

 Most reliable conversion data exist for steels, some of which are presented in the 
figure. 

 Detailed conversion tables for various other metals and alloys are contained in 
ASTM Standard E 140.

Knoop and Vikers MicroHardness Tests 

Very small diamond indenter having pyramidal geometry which is 
forced into the surface of the specimen. 

Applied loads range from 1 to 1000 g (much smaller than for other tests).
Resulting impression is observed under a microscope and 
measured. This measurement is then converted into a hardness 

 
Must prepare surface by grinding and polishing to accurately measure 
Knoop and Vikers hardness numbers are designated by HK (or 
KHN) and HV (or VHN), respectively. 
Both are well suited for measuring the hardness of small, selected 
specimen regions. Knoob is used for testing materials such as ceramics.

testing techniques are frequently employed but will not be

tool to convert the hardness measured on one scale to that of another is most 
desirable. But there is no comprehensive conversion 

Hardness conversion data have been determined experimentally and found to be 
dependent on the material type and characteristics. 
Most reliable conversion data exist for steels, some of which are presented in the 

Detailed conversion tables for various other metals and alloys are contained in 
140. 

Very small diamond indenter having pyramidal geometry which is 

tests). 

 indentation. 

Both are well suited for measuring the hardness of small, selected 
ceramics. 

testing techniques are frequently employed but will not be 

tool to convert the hardness measured on one scale to that of another is most 

Hardness conversion data have been determined experimentally and found to be 

Most reliable conversion data exist for steels, some of which are presented in the 

Detailed conversion tables for various other metals and alloys are contained in 



 

Correlation between Hardness and
 

 Both tensile strength and hardness are indicators of a metal’s resistance to plastic 

deformation. They are roughly proportional (see

 Most reliable conversion data exist for steels, some of which are presented in the

figure. 

 The same proportionality relation does not hold for all metal, as

 As a rule of thumb for most steels, the HB and the tensile strength are related

according: 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

TS( MPa ) 

TS(

Correlation between Hardness and Tensile Strength 

Both tensile strength and hardness are indicators of a metal’s resistance to plastic 

deformation. They are roughly proportional (see figure). 

Most reliable conversion data exist for steels, some of which are presented in the

same proportionality relation does not hold for all metal, as indicated.

As a rule of thumb for most steels, the HB and the tensile strength are related

 
TS( MPa )  3.45 * HB 

TS( psi )  500 * HB 

Both tensile strength and hardness are indicators of a metal’s resistance to plastic 

Most reliable conversion data exist for steels, some of which are presented in the 

indicated. 

As a rule of thumb for most steels, the HB and the tensile strength are related 



 

Need for the study of Mechanical properties of

 The mechanical properties

an applied load.  

 The mechanical properties

a material and establish the service life 

  Mechanical properties 

 Solid solution preparation 

 To develop alternate materials in the economical way

 

 

 

Mechanical properties of metals 

mechanical properties of a material are those properties that involve a reaction to 

mechanical properties of metals determine the range of usefulness of 

and establish the service life that can be expected. 

 are also used to help classify and identify material

Solid solution preparation  

develop alternate materials in the economical way. 

 

that involve a reaction to 

the range of usefulness of 

identify material.  



Classification of mechanical properties of metals 

  

 

 

Application & Behaviour Mechanical properties of metals   
 

 



Test after completion 

1. The tendency of a deformed solid to regain its actual proportions instantly upon 
unloading known as ______________ 

a) Perfectly elastic 

b) Delayed elasticity 

c) Inelastic effect 

d) Plasticity 
 

2. The permanent mode of deformation of a material known as _____________ 

a) Elasticity 

b) Plasticity 

c) Slip deformation 

d) Twinning deformation 
. 
 

3. The ability of materials to develop a characteristic behavior under repeated loading 
known as ___________ 
 

a) Toughness 

b) Resilience 

c) Hardness 

d) Fatigue 

 

4. The ability of a material to be formed by hammering or rolling is known as _________ 

a) Malleability 

b) Ductility 

c) Harness 

d) Brittleness 



Summary 

 We have discussed in detail about the various mechanical properties of metals 

 The importance of the mechanical properties are subjected to change according the 
applications 

 Combination of properties are essential for special applications like space and turbine, 
aeronautical components.. 

 .The various testing methods are to be conducted as per the standards.. 

  FCC structures of the metals like Cu, Ag, Al, Pb, γFe, etc are more likely to be ductile than 
BCC, (body centered cubic) and HCP & HCP (hexagonal close packed) structure metals 
behave as brittle.  

 Demo Videos 

 

https://www.youtube.com/watch?v=Rm-i1c7zr6Q 

https://youtu.be/RJXJpeH78iU 

References  

 

[1]. Khanna, O.P. A Text Book of Material Science and Metallurgy (Material Science, 
Extractive Metallurgy, Physical Metallurgy, Mechanical Metallurgy). India, Dhanpat 
Rai, 2015. 

[2]. Raghavan V. Materials Science and Engineering: A First Course, PHI Publication , Delhi, 
2015 

[3]. George Ellwood Dieter, David Bacon. Mechanical Metallurgy , McGraw-Hill, 1988. 

[4]. Material science and engineering, William D. Callister Jr., David G. Rethwisch.Wiley 

Publiction,8Th edition, 2009. 

 

 

 

 



 

Assignment questions 

 1. Classify the mechanical properties in detail? 

 2.  write short notes on  

 a) Ductility 

 b) Resilience 

 c) Toughness 

3.  Explain in detail about he tensile testing procedure? 

4. What is meant by UTM. Explain in detail about the compression test in detail? 

5. Differentiate between engineering stress- strain and true stess -strain 

************************************************************************** 
  



Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Mechanical properties 

Name of the Topic  : Fracture mechanics  
 

 Objectives:  
To study the mathematical and physical principles of fracture mechanics 
To analyse the fracture mechanism in engineering design applications. 

 Outcomes:  
Upon successful completion, the student should be able to understand derivative 

examples for failure of metals due to fracture. 
 Pre-test:  

To recall the basic knowledge of Basic mechanical terms 

1)  Number of metallic elements in the periodic table is 
 
a) 118 
b) 95 
c) 125 
d) 145 
 

2)  In general ______ types of metals most of the real-time applications 
 
a) 2 
b) 3 
c) 4 
d) 5 
 

3) Brass is an alloy 
 
a) True 
b) False 

4) Which of the following metal is used for nuclear energy? 

(A) Uranium 
(B) Thorium 
(C) Niobium 
(D) All of these 
 
 
 
 
 



    5) The bond formed by transferring electrons from one atom to another is called 

(A) Ionic bond 
(B) Covalent bond 
(C) Metallic bond 
(D) None of these 
 

6)  The unit cells 
 
a. Contain the smallest number of atoms which when taken together have all the     

properties of the crystals of the particular metal 

b. Have the same orientation and their similar faces are parallel 

c. May be defined as the smallest parallelepiped which could be transposed in three 

coordinate directions to build up the space lattice 

d. All of the above 

 
7)  Macrostructure of a material is, generally, examined by 

 
(A) Naked eye 

(B) Optical microscope 

(C) Metallurgical microscope 

(D) X-ray techniques 

 
8) A material is said to be allotropic, if it has 

 
(A) Fixed structure at all temperatures 

(B) Atoms distributed in random pattern 

(C) Different crystal structures at different temperatures 

(D) Any one of the above 

 
9) Which of the following is an amorphous material? 

 
(A) Mica 

(B) Silver 

(C) Lead 

(D) Glass 

 



10) Amorphous solids have _______ structure. 
 

a) Regular 

b) Linear 

c) Irregular 

d) Dendritic 

Fracture mechanics  - Theory 

 A regular and repetitious pattern in which atoms of a crystalline material arrange 
themselves is known as the crystal structure. 

 A crystal structure is composed of a unit cell, a set of atoms arranged in a particular way; 
which is periodically repeated in three dimensions on a lattice. 

 In practical most of the metals crystallize in one of the three realtively simple structures 
namely BCC, FCC, CPH or HCP. 
 

Need for the study of Fracture Mechanics 

 Difficulties in relating the properties of metals 

 Solid solution preparation  

 Overcome surface treatment problems like carburizing, flame hardening  

 Unexpected failures of metals 

 To develop new cutting tool metals with required hardness  

 To avoid bulk rejection rate in the metal castings 

 To support R&D  for developing alternate materials in the economical way 
 

Classification of Fracture mechanics  

 



Mode I – Opening mode (a tensile stress normal to the plane of the

Mode II – Sliding mode (a shear stress acting parallel to the plane of the
the crack front) 

 Mode III – Tearing mode (a shear stress acting parallel to the plane of the
the crack front). 

Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Brittle fracture, ductile fracture, stress concentration, stress intensity factor,Griffith 

theory 

Application

Fracture mechanics can be used in three major areas: (i) design; (ii) material selection and 
alloy development; and (iii) determining the significance of defects. ... Ancillary areas are (iv) 
monitoring and control, and failure analysis.

Opening mode (a tensile stress normal to the plane of the crack),  

Sliding mode (a shear stress acting parallel to the plane of the crack and perpendicular to 

Tearing mode (a shear stress acting parallel to the plane of the crack

 

Terminology used other than normal known scientific / engg. terms and their fundamental 

Brittle fracture, ductile fracture, stress concentration, stress intensity factor,Griffith 

Application & Behaviour of crystal structures
  

can be used in three major areas: (i) design; (ii) material selection and 
development; and (iii) determining the significance of defects. ... Ancillary areas are (iv) 

monitoring and control, and failure analysis. 

and perpendicular to 

crack and parallel to 

Terminology used other than normal known scientific / engg. terms and their fundamental 

Brittle fracture, ductile fracture, stress concentration, stress intensity factor,Griffith 

of crystal structures  

can be used in three major areas: (i) design; (ii) material selection and 
development; and (iii) determining the significance of defects. ... Ancillary areas are (iv) 

 

          



 

Test after completion 

1. Which of the following part of mechanics deals with study of crack propagation? 

a) Solid mechanics 

b) Fluid mechanics 

c) Applied mechanics 

d) Fracture mechanics 
 

2. Which of the following is not a mode of application of force for crack propagation? 

a) Opening mode 

b) Sliding mode 

c) Tearing mode 

d) Rolling mode. 
 

3. Fractography is the study of surfaces of materials which are fractured 
 
a) True 
b) False 

 
 



4. Which of the following scientist proposed a modification to Griffith’s theory? 

a) G. R. Irwin 

b) Albert Einstein 

c) Isaac Newton 

d) There was no modification proposed. 

5. What is the unit of G from Griffith’s energy criterion? 
 

a) J-m2 

b) J-m 

c) J/m2 

d) J/m 

 
Summary 

 Failur of materials is the unexpected one in the engineering applications 
 

 The type of failures vary from the type of loading and the material properties. 

 The selection of material plays the vital role to reduce the failure of components.. 

 .Right material for right application is the important concept which will be followed while 

selecting the materials.. 

  FCC structures of the metals like Cu, Ag, Al, Pb, γFe, etc are more likely to be ductile than 

BCC, (body centered cubic) and HCP & HCP (hexagonal close packed) structure metals 

behave as brittle.  
 

 Demo Videos 
 

https://www.youtube.com/watch?v=Rm-i1c7zr6Q 
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Assignment questions 

 1. Define Griffith fracture theory and explain in detail? 

2.  What is meant by stress intensity factor ? explain in detail? 

3.  Classify in detail about the fatigue filure? 

4. Define S-N Curve? Explain in detail with suitable example. 

5. What is meant by stress life approach explain in detail? 
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Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Mechanical properties Measurement 

Name of the Topic  : Nondestructive testing (NDT)  
 

 Objectives:  
 To study the importance of NDT in Quality assurance. 
 To identify  the nature and condition of the defect to do remedial actions 

 Outcomes:  

 Upon successful completion, the student should be able  understand the different 
types of NDT methods conducted in safe, reliable, and cost effective manner 
without causing damage to the equipment or shutting down plant operations. 

 Pre-test:  
To recall the basic knowledge of various NDT Techniques 

1.  Which of the following defect is not a gas defect? 

a) Blow holes 

b) Air inclusions 

c) Run out 

d) Pin hole porosity 
 

2. During melting process flux is added to react with impurities to form? 

a) Cavity 

b) Slag 

c) Cold shut 

d) Blow holes 

3. Defects by ____________ are discovered by mechanical testing. 

a) Heat-treatment 

b) Molding 

c) Material 

d) Pattern 



4. Surface defects are discovered by radiography. 

a) True 

b) False 

 

  5.  The best defense against the defects in castings is visual examination and machining. 

a) True 

b) False 

Non destructive testing - Theory 

 Non-destructive testing (NDT) is a testing and analysis technique used by industry to 
evaluate the properties of a material, component, structure or system for characteristic 
differences or welding defects and discontinuities without causing damage to the original 
part. NDT also known as non-destructive examination (NDE), non-destructive inspection 
(NDI) and non-destructive evaluation (NDE). 

 Up to this point we have learnt various testing methods that somehow destruct the test 
specimens. These were, tensile testing, hardness testing, etc. In certain applications, the 
evaluation of engineering materials or structures without impairing their properties is very 
important, such as the quality control of the products, failure analysis or prevention of the 
engineered systems in service.  

 This kind of evaluations can be carried out with Non destructive test (NDT) methods. It is 
possible to inspect and/or measure the materials or structures without destroying their 
surface texture, product integrity and future usefulness.  

 The field of NDT is a very broad, interdisciplinary field that plays a critical role in 
inspecting that structural component and systems perform their function in a reliable 
fashion. Certain standards has been also implemented to assure the reliability of the NDT 
tests and prevent certain errors due to either the fault in the equipment used, the miss-
application of the methods or the skill and the knowledge of the inspectors.  

 Successful NDT tests allow locating and characterizing material conditions and flaws that 
might otherwise cause planes to crash, reactors to fail, trains to derail, pipelines to burst, 
and variety of less visible, but equally troubling events. However, these techniques 
generally require considerable operator skill and interpreting test results accurately may be 
difficult because the results can be subjective. 

  These methods can be performed on metals, plastics, ceramics, composites, cermets, and 
coatings in order to detect cracks, internal voids, surface cavities, delamination, 
incomplete c defective welds and any type of flaw that could lead to premature failure. 
Commonly used NDT test methods can be seen in table 1. These are universal NDT 
methods; however, very special tests have been developed for specific applications. 



Visual inspection:  

 VI is particularly effective detecting macroscopic flaws, such as poor welds. Many 
welding flaws are macroscopic: crater cracking, undercutting, slag inclusion, incomplete 
penetration welds, and the like. 

 Like wise, VI is also suitable for detecting flaws in composite structures and piping of all 
types. Essentially, visual inspection should be performed the way that one would inspect a 
new car prior to delivery, etc. Bad welds or joints, missing fasteners or components, poor 
fits, wrong dimensions, improper surface finish, delaminations in coatings, large cracks, 
cavities, dents, inadequate size, wrong parts, lack of code approval stamps and similar 
proofs of testing.  

Radiography: 

  Radiography has an advantage over some of the other processes in that the radiography 
provides a permanent reference for the internal soundness of the object that is 
radiographed. The x-ray emitted from a source has an ability to penetrate metals as a 
function of the accelerating voltage in the x-ray emitting tube. If a void present in the 
object being radiographed, more x-rays will pass in that area and the film under the part in 
turn will have more exposure than in the non-void areas. The sensitivity of x-rays is 
nominally 2% of the materials thickness. Thus for a piece of steel with a 25mm thickness, 
the smallest void that could be detected would be 0.5mm in dimension. For this reason, 
parts are often radiographed in different planes. A thin crack does not show up unless the 
x-rays ran parallel to the plane 0 the crack. Gamma radiography is identical to x-ray 
radiography in function. The difference is the source of the penetrating electromagnetic 
radiation which is a radioactive material such m Co 60. However this method is less 
popular because of the hazards of handling radioactive materials. 

Liquid (Dye) penetrant method:  

 Liquid penetrant inspection (LPI) is one of the most widely used nondestructive 
evaluation (NDE) methods. Its popularity can be attributed to two main factors, which 
are its relative ease of use and its flexibility. The technique is based on the ability of a 
liquid to be drawn into a "clean" surface breaking flaw by capillary action. .  

 This method is an inexpensive and convenient technique for surface defect inspection. 
The limitations of the liquid penetrant technique include the inability to inspect 
subsurface flaws and a loss of resolution on porous materials. Liquid penetrant testing is 
largely used on nonmagnetic materials for which magnetic particle inspection is not 
possible. 

  Materials that are commonly inspected using LPI include the following; metals 
(aluminum, copper, steel, titanium, etc.), glass, many ceramic materials, rubber, plastics.  

 Liquid penetrant inspection is used to inspect of flaws that break the surface of the 
sample. Some of these flaws are listed below; fatigue cracks, quench cracks grinding 



cracks, overload and impact fractures, porosity, laps seams, pin holes in welds, lack of 
fusion or braising along the edge of the bond line. 

Magnetic particles:  

 Magnetic particle inspection is one of the simple, fast and traditional nondestructive 
testing methods widely used because of its convenience and low cost. This method uses 
magnetic fields and small magnetic particles, such as iron filings to detect flaws in 
components. 

  The only requirement from an inspect ability standpoint is that the component being 
inspected must be made of a ferromagnetic material such iron, nickel, cobalt, or some of 
their alloys, since these materials are materials that can be magnetized to a level that will 
allow the inspection to be effective. 

  On the other hand, an enormous volume of structural steels used in engineering is 
magnetic. In its simplest application, an electromagnet yoke is placed on the surface of 
the part to be examined, a kerosene-iron filling suspension is poured on the surface and 
the electromagnet is energized.  

 If there is a discontinuity such as a crack or a flaw on the surface of the part, magnetic 
flux will be broken and a new south and north pole will form at each edge of the 
discontinuity. Then just like if iron particles are scattered on a cracked magnet, the 
particles will be attracted to and cluster at the pole ends of the magnet, the iron particles 
will also be attracted at the edges of the crack behaving poles of the magnet.  

 This cluster of particles is much easier to see than the actual crack and this is the basis for 
magnetic particle inspection. For the best sensitivity, the lines of magnetic force should 
be perpendicular to the defect. 

 Eddy current testing: 

  Eddy currents are created through a process called electromagnetic induction. When 
alternating current is applied to the conductor, such as copper wire, a magnetic field 
develops in and around the conductor. This magnetic field expands as the alternating 
current rises to maximum and collapses as the current is reduced to zero. If another 
electrical conductor is brought into the close proximity to this changing magnetic field, 
current will be induced in this second conductor. These currents are influenced by the 
nature of the material such as voids, cracks, changes in grain size, as well as physical 
distance between coil and material. These currents form an impedance on a second coil 
which is used to as a sensor. In practice a probe is placed on the surface of the part to be 
inspected, and electronic equipment monitors the eddy current in the work piece through 
the same probe. The sensing circuit is a part of the sending coil.  

 Eddy currents can be used for crack detection, material thickness measurements, coating 
thickness measurements, conductivity measurements for material identification, heat 
damage detection, case depth determination, heat treatment monitoring.  



 

 

Advantages 

 Advantages of eddy current inspection include; sensitivity to small cracks and other 
defects, ability to detect surface and near surface defects, immediate results, portable 
equipment, suitability for many different applications, minimum part preparation, no 
necessity to contact the part under inspection, ability to inspect complex shapes and 
sizes of conductive materials.  

Limitations  

 limitations of eddy current inspection; applicability just on conductive materials, 
necessity for an accessible surface to the probe, skillful and trained personal, possible 
interference of surface finish and roughness, necessity for reference standards for setup, 
limited depth of penetration, inability to detect of the flaws lying parallel to the probe 
coil winding and probe scan direction. 

 Ultrasonic Inspection:  

 Ultrasonic Testing (UT) uses a high frequency sound energy to conduct examinations 
and make measurements. Ultrasonic inspection can be used for flaw detection I 
evaluation, dimensional measurements, material characterization, and more.  

 A typical UT inspection system consists of several functional units, such as the 
pulser/receiver, transducer, and display devices. A pulser/receiver is an electronic device 
that can produce high voltage electrical pulse. Driven by the pulser, the transducer of 
various types and shapes generates high frequency ultrasonic energy operating based on 
the piezoelectricity technology with using quartz, lithium sulfate, or various ceramics. 
Most inspections are carried out in the frequency rang of 1 to 25MHz.  

 Couplants are used to transmit the ultrasonic waves from the transducer to the test piece; 
typical couplants are water, oil, glycerin and grease. The sound energy is introduced and 
propagates through the materials in the form of waves and reflected from the opposing 
surface. 

  An internal defect such as crack or void interrupts the waves' propagation and reflects 
back a portion of the ultrasonic wave. The amplitude of the energy and the time required 
for return indicate the presence and location of any flaws in the work-piece. The 
ultrasonic inspection method has high penetrating power and sensitivity. 

  It can be used from various directions to inspect flaws in large parts, such as rail road 
wheels pressure vessels and die blocks. This method requires experienced personnel to 
properly conduct the inspection and to correctly interpret the results.  

Advantages;  

 sensitivity to both surface and subsurface discontinuities, superior depth of penetration 
for flaw detection or measurement, ability to single-sided access for pulse-echo 
technique, high accuracy in determining reflector position and estimating size and 
shape, minimal part preparation, instantaneous results with electronic equipment, 



detailed imaging with automated systems, possibility for other uses such as thickness 
measurements. 

 

Limitations;  

 necessity for an accessible surface to transmit ultrasound, extensive skill and training, 
requirement for a coupling medium to promote transfer of sound energy into test 
specimen, limits for roughness, shape irregularity, smallness, thickness or not 
homogeneity, difficulty to inspect of coarse grained materials due to low sound 
transmission and high signal noise, necessity for the linear defects to be oriented parallel 
to the sound beam, necessity for reference standards for both equipment calibration, and 
characterization of flaws.  

Acoustic Method:  

 There are two different kind of acoustic methods: (a) acoustic emission; (b) acoustic 
impact technique. 

Acoustic emission:  

 This technique is typically performed by elastically stressing the part or structure, for 
example, bending a beam, applying torque to a shaft, or pressurizing a vessel and 
monitoring the acoustic responses emitted from the material. During the structural 
changes the material such as plastic deformation, crack initiation, and propagation, phase 
transformation, abrupt reorientation of grain boundaries, bubble formation during boiling 
in cavitation, friction and wear of sliding interfaces, are the source of acoustic signals. 
Acoustic emissions are detected with sensors consisting of piezoelectric ceramic 
elements. This method is particularly effective for continuous surveillance of load-
bearing structures.  

Acoustic impact technique:  

 This technique consists of tapping the surface of an object and listening to and analyzing 
the signals to detect discontinuities and flaws. The principle is basically the same as when 
one taps walls, desktops or countertops in various locations with a finger or a hammer 
and listens to the sound emitted. Vitrified grinding wheels are tested in a similar manner 
to detect cracks in the wheel that may not be visible to the naked eye. This technique is 
easy to perform and can be instrumented and automated. However, the results depend on 
the geometry and mass of the part so a reference standard is necessary for identifying 
flaws.  

Procedure for  Liquid penetrant method:  

 In this method the surfaces to be inspected should be free from any coatings, paint, 
grease. dirt, dust, etc., therefore, should be cleaned with an appropriate way. Special care 
should be taken not to give additional damage to the surface to be inspected during the 



cleaning process. Otherwise, the original nature of surface could be disturbed and the 
results could be erroneous with the additional interferences of the surface features formed 
during the cleaning process. Surface cleaning can be performed with alcohol. Special 
chemicals like cleaner-remover can also be applied if needed. In the experiment, only 
cleaner-remover will be sufficient. Subsequent to surface cleaning, the surface is let to 
dry for 2 minutes. 

  Commercially available cans of liquid penetrant dyes with different colors are used to 
reveal the surface defects. 

 Steps used in the experiment: 

1. Clean the surface with alcohol and let surface dry for 5 min. 

2. Apply the liquid penetrant spray (red can) to the surface and brush for further penetration. 
Then, wait for 20 min.  

3. Wipe the surface with a clean textile and subsequently apply remover spray (blue can) to 
remove excess residues on the surface and wait for a few min. 

4. Apply the developer spray (yellow can) at a distance of about 30cm from the surface. The 
developer will absorb the penetrant that infiltrated to the surface features such as cracks, 
splits, etc., and then reacted with it to form a geometric shape which is the negative of the 
geometry of the surface features from which the penetrant is sucked. 

5. The polymerized material may be collected on a sticky paper for future evaluation and 
related documentation, if needed. 

Magnetic particle:  

 In this experiment, commercially available magnetic powder manufactured for NDT 
inspection will be used. A strong U shape magnet will be used to provide the necessary 
magnetic field at the inspected area. 

  The following steps are applied during the experiment; 

1. The surface of the specimen will be roughly cleaned wiping with a piece of textile. 

 2. The fluorescent magnetic spray will be applied on the surface being inspected. 

3. Magnetic field will be applied with a strong magnet to the location of interest.  

4. The spots where the fluorescent magnetic particles accumulated will be inspected 
under UV light.  

Eddy current inspection: 

 For this experiment, Magnefest ED-51 0 type unit will be used. A pencil type prop will 
be used for the inspections. The inspection is performed with 2 MHz frequency and at 
the related calibration settings. The test blocks were previously prepared for this 



experiment. Any coatings or paints on the surface of inspected specimens should be 
treated with special procedures.  

 The following steps should be applied during the experiment: 

1. Inspection area should be clean, smooth, free from any irregular or uneven 

paint, dirt, grease, etc.  

2. There shouldn't be any visible damage or discontinuity. 

3. During the inspection procedure the probe will be positioned near the inspection 

area, on the compensation point and lift off and zero will be adjusted if 

necessary.  

4. The inspection will be carried out by using probe scans. The probe tip will be 

always at a right angle the inspection surface.  

5. Any indication with indicator deflection to the right should be evaluated. All 

evaluated indications should be measured.  

6. After this procedure, all evaluated indications with indicator deflections, will be 

classified as cracks and be recorded. 

 Ultrasonic inspection: 

  For this experiment,USM-2 type ultrasonic unit will be used. The props used 

supports to work at frequency of 5 MHz. Echo techniques will be employed to find 

the cracks. 

  Instrument will be tuned to a frequency of 5 MHz. An appropriate couplant used 

should not cause corrosion or other damage. During the inspection the calibration will 

be done on the reference standard, if needed. Two different test blocks will be 

employed in this test, sufficient amount of couplant will be applied to the transducer 

scan areas on the forward and after sides of the support fitting. The display will be 

monitored for crack indications. A crack signal will be similar to the following:  

 The following steps should be applied during the experiment: 

1. The couplant should be applied on the inspected area. 



2. For the circular test specimen, the prop will be placed in the corresponding space in the 

supporting fitting tool. Enough couplant should be used between the probe and tool.  

3. For the flat specimen, no tool is needed, couplant only applied between the inspected 

surface and the probe. 

4. Special attention should be paid on the location where possible cracks exist. 5. A 

discontinuity like a crack produces a peak on the screen.  

5. Attention should also be given to the movement of the possible peak caused by the 

cracks on the specimen.  

 
Need for the study of Non destructive testing 

 To identify the defects without damage of the components 

 To Overcome/rectify the defects through proper remedial actions 

 To analyze the defect nature  

 To take decision either  accepting or rejecting the components 

 

Classification of non destructive testing (NDT)  

 Visual Testing (VT) ... 

 Ultrasonic Testing (UT) ... 

 Radiography Testing (RT) ... 

 Eddy Current (Electromagnetic) Testing (ET) ... 

 Magnetic Particle Testing (MT) ... 

 Acoustic Emission Testing (AE) ... 

 Liquid Penetrant testing (PT) ... 

 Leak Testing (LT) 

 



 

 

 

 

 

Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Magnetic particle, Dye penetrant, Eddy current, Ultrasonic and radiography 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Applicaion of Non destructive testing   

 
 
 

 
 

Test after completion 

1. In non-destructive testing, sound test used is a very fine and accurate method of 
detecting flaws in the castings. 

a) True 

b) False 
 

2. Which of the following methods of NDT requires leak proofing of casting before inspection? 
a) Impact test 
b) Visual inspection 
c) Sound test 
d) Pressure test 

 
3. Which of the following types of rays is used in radiography for the inspection of castings? 

a) X- rays 

b) Infrared rays 

c) Ultraviolet rays 



d) Visible rays 

4. Which of the following methods of inspection uses high frequency of sound waves for the 

detection of flaws in the castings? 

a) Penetrant test 

b) Radiography 

c) Pressure test 

d) Ultrasonic inspection 

 
5. Which of the following terms changes in the eddy current testing method for the detection of 
defects in the castings? 

 
a) Resistance 

b) Impedance 

c) Conductivity 

d) Capacitance 

 
Summary 

 No single NDT method will work for all flaw detection or measurement applications.  

 Each of the methods has advantages and disadvantages when compared to other methods.  

 The table below summarizes the scientific principles, common uses and the advantages and 

disadvantages for some of the most often used NDT methods. 

 

 

 

 

 

 

 

 



 

Penetrant 
Testing 

Magnetic Particle 
Testing 

Ultrasonic 
Testing 

Eddy Current 
Testing 

Radiographic 
Testing 

     

Scientific Principles         

Penetrant solution is applied 
to the surface of a 
precleaned component. The 
liquid is pulled into surface-
breaking defects by capillary 
action. Excess penetrant 
material is carefully cleaned 
from the surface. A 
developer is applied to pull 
the trapped penetrant back to 
the surface where it is spread 
out and forms an indication. 
The indication is much 
easier to see than the actual 
defect. 

A magnetic field is 
established in a 
component made 
from ferromagnetic 
material. The 
magnetic lines of 
force travel through 
the material, and exit 
and reenter the 
material at the poles. 
Defects such as crack 
or voids cannot 
support as much flux, 
and force some of the 
flux outside of the 
part. Magnetic 
particles distributed 
over the component 
will be attracted to 
areas of flux leakage 
and produce a visible 
indication. 

High frequency 
sound waves are sent 
into a material by use 
of a transducer. The 
sound waves travel 
through the material 
and are received by 
the same transducer 
or a second 
transducer. The 
amount of energy 
transmitted or 
received and the time 
the energy is received 
are analyzed to 
determine the 
presence of flaws. 
Changes in material 
thickness, and 
changes in material 
properties can also be 
measured. 

Alternating electrical 
current is passed 
through a coil 
producing a magnetic 
field. When the coil 
is placed near a 
conductive material, 
the changing 
magnetic field 
induces current flow 
in the material. These 
currents travel in 
closed loops and are 
called eddy currents. 
Eddy currents 
produce their own 
magnetic field that 
can be measured and 
used to find flaws 
and characterize 
conductivity, 
permeability, and 
dimensional features. 

X-rays are used to 
produce images of 
objects using film or 
other detector that is 
sensitive to radiation. 
The test object is 
placed between the 
radiation source and 
detector. The 
thickness and the 
density of the 
material that X-rays 
must penetrate affects 
the amount of 
radiation reaching the 
detector. This 
variation in radiation 
produces an image on 
the detector that often 
shows internal 
features of the test 
object. 

  



Main Uses         

Used to locate cracks, 
porosity, and other defects 
that break the surface of a 
material and have enough 
volume to trap and hold the 
penetrant material. Liquid 
penetrant testing is used to 
inspect large areas very 
efficiently and will work on 
most nonporous materials. 

Used to inspect 
ferromagnetic 
materials (those that 
can be magnetized) 
for defects that result 
in a transition in the 
magnetic 
permeability of a 
material. Magnetic 
particle inspection 
can detect surface 
and near surface 
defects. 

Used to locate 
surface and 
subsurface defects in 
many materials 
including metals, 
plastics, and wood. 
Ultrasonic inspection 
is also used to 
measure the thickness 
of materials and 
otherwise 
characterize 
properties of material 
based on sound 
velocity and 
attenuation 
measurements. 

Used to detect 
surface and near-
surface flaws in 
conductive materials, 
such as the metals. 
Eddy current 
inspection is also 
used to sort materials 
based on electrical 
conductivity and 
magnetic 
permeability, and 
measures the 
thickness of thin 
sheets of metal and 
nonconductive 
coatings such as 
paint. 

Used to inspect 
almost any material 
for surface and 
subsurface defects. 
X-rays can also be 
used to locates and 
measures internal 
features, confirm the 
location of hidden 
parts in an assembly, 
and to measure 
thickness of 
materials. 

Main Advantages         

Large surface areas or large 
volumes of parts/materials 
can be inspected rapidly and 
at low cost. 

Parts with complex 
geometry are routinely 
inspected. 

Indications are produced 
directly on surface of the 
part providing a visual 
image of the discontinuity. 

Equipment investment is 
minimal. 

Large surface areas 
of complex parts can 
be inspected rapidly. 

Can detect surface 
and subsurface flaws. 

Surface preparation is 
less critical than it is 
in penetrant 
inspection. 

Magnetic particle 
indications are 
produced directly on 
the surface of the part 
and form an image of 
the discontinuity. 

Equipment costs are 
relatively low. 

Depth of penetration 
for flaw detection or 
measurement is 
superior to other 
methods. 

Only single sided 
access is required. 

Provides distance 
information. 

Minimum part 
preparation is 
required. 

Method can be used 
for much more than 
just flaw detection. 

Detects surface and 
near surface defects. 

Test probe does not 
need to contact the 
part. 

Method can be used 
for more than flaw 
detection. 

Minimum part 
preparation is 
required. 

Can be used to 
inspect virtually all 
materials. 

Detects surface and 
subsurface defects. 

Ability to inspect 
complex shapes and 
multi-layered 
structures without 
disassembly. 

Minimum part 
preparation is 
required. 

  



Disadvantages         

Detects only surface 
breaking defects. 

Surface preparation is 
critical as contaminants can 
mask defects. 

Requires a relatively smooth 
and nonporous surface. 

Post cleaning is necessary to 
remove chemicals. 

Requires multiple operations 
under controlled conditions. 

Chemical handling 
precautions are necessary 
(toxicity, fire, waste). 

Only ferromagnetic 
materials can be 
inspected. 

Proper alignment of 
magnetic field and 
defect is critical. 

Large currents are 
needed for very large 
parts. 

Requires relatively 
smooth surface. 

Paint or other 
nonmagnetic 
coverings adversely 
affect sensitivity. 

Demagnetization and 
post cleaning is 
usually necessary. 

Surface must be 
accessible to probe 
and couplant. 

Skill and training 
required is more 
extensive than other 
technique. 

Surface finish and 
roughness can 
interfere with 
inspection. 

Thin parts may be 
difficult to inspect. 

Linear defects 
oriented parallel to 
the sound beam can 
go undetected. 

Reference standards 
are often needed. 

Only conductive 
materials can be 
inspected. 

Ferromagnetic 
materials require 
special treatment to 
address magnetic 
permeability. 

Depth of penetration 
is limited. 

Flaws that lie parallel 
to the inspection 
probe coil winding 
direction can go 
undetected. 

Skill and training 
required is more 
extensive than other 
techniques. 

Surface finish and 
roughness may 
interfere. 

Reference standards 
are needed for setup. 

Extensive operator 
training and skill 
required. 

Access to both sides 
of the structure is 
usually required. 

Orientation of the 
radiation beam to 
non-volumetric 
defects is critical. 

Field inspection of 
thick section can be 
time consuming. 

Relatively expensive 
equipment 
investment is 
required. 

Possible radiation 
hazard for personnel. 

Penetrant 
Testing 

Magnetic Particle 
Testing 

Ultrasonic 
Testing 

Eddy Current 
Testing 

Radiographic 
Testing 

 

 Demo Videos 

https://www.youtube.com/watch?v=YUdDa0GYaJM 

https://www.youtube.com/watch?v=m7ABg--BVv8 

https://www.youtube.com/watch?v=qpgcD5k1494 

https://www.youtube.com/watch?v=xEK-c1pkTUI 

https://www.youtube.com/watch?v=-jZ8zj2Wj6k 
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Assignment questions 

1. Classify NDT and discuss in detail about the difference between nondestructive testing and  

Destructive testing? 

2.  Briefly explain the step by step procedure for Ultrasonic inspection? 

3.  Briefly explain the step by step procedure for Eddy current inspection? 

4. Briefly explain the step by step procedure for magnetic particle inspection? 

5. Briefly explain the step by step procedure for Liquid penetrant test? 
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Course Material 
Name of the Course  : Materials Engineering  
Name of the Unit  : Alloys, Solid solutions-Phase diagrams 
Name of the Topic  : Alloys and solid solutions  
 

 
 Objectives:  

To know about the different types of alloys and its properties 
To understand the basic concepts of solid solutions 

 Outcomes:  
Upon successful completion, the student should be able to understand the concept 

of solid solutions to form an alloy and to determine the properties. 
 Pre-test:  

To recall the basic knowledge of various metallic structures 
1. The most abundant metal in the earth’s crust is 

(a) Iron 
(b) Aluminium 
(c) Calcium 
(d) Sodium 
 

2.  Galvanisation is a method of protecting iron from ruffing by coating with a thin layer 
of 

(a) Galium 
(b) Aluminium 
(c) Zinc 

 (d) Silver 

 
 

3. Copper objects lose their shine and form green coating of 
(a) Copper oxide 
(b) Copper hydroxide and Copper oxide 
(c) Basic Copper carbonate 
(d) Copper carbonate  

4.  The metal which is liquid at room temperature is 
a) Bromine 
b) Mercury 
c) Iodine 
d) Potassium 

5. Not a noble metal  
(a) Cu  
(b) Ag  
(c) Au  
(d) Pt 
 



Alloys and solid solutions – Theory 
 

 
In many technical fields, high demands are placed on the materials used, for example in 

aeronautical engineering. In some combustion chambers the temperature can exceed 2000 °C. 
The materials must therefore not only withstand high mechanical loads but also thermal stresses. 

 
Simple metals often do not meet these requirements. For this reason, several metals are 

usually melted together in order to obtain completely new properties after solidification. Such 
mixtures of two or more metals are also known as alloys. On a chemical level, alloys are 
therefore characterized by their metallic bonds. 
 

Mixtures of substances with metallic character are called alloys! 
 

In order to specifically influence the desired material properties, profound knowledge of 
alloying is required. The basics of alloying will therefore be explained in this article. Due 
to their complexity, only alloys which are consist of two components are considered (also 
referred to as binary systems). The total of the possible mixture concentrations of a two-
component alloy is also referred to as alloying system. 

Binary systems are alloy systems consisting of two components! 

In general, alloys are obtained by melting, mixturing and subsequent solidification. For 
this purpose, a certain amount of an alloying element B (solute) is added to a host 
material A (solvent) in the liquid state. In the liquid state, the atoms of the substances 
involved are only weakly bound to each other. In general, the substances can therefore be 
mixed relatively well. 

 
Figure: Schematic representation of the components of an alloy 

During solidification, this solubility can then either be retained completely 
(complete solid solution) or be completely lost (mixture of pure crystals). Partial 
solubilities of the substances can also occur during solidification (mixture of solid 
solutions). 
Depending on the solubility of the two components A and B in the solid state, alloys can 
thus be divided into three different types. 



 
Figure: Classification of alloys 

Solid solution 
If the two components A and B of an alloy remain completely soluble in one another in 
the solid state, the atoms of the alloying component B are incorporated in the host 
crystal (host matrix) of the host component A. The atoms A and B then form a 
common lattice structure. Such a crystal structure of mixed atoms in a common lattice is 
called solid solution. 

A complete solubility of the alloy components in the solid state is referred to as a 
solid solution! 

Figuratively, the components of a solid solution behave like a mixture of water and 
alcohol, in which the alcohol particles can also be completely dissolved in the water. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure: Schematic structure of a complete solubility of the two components in the solid 
state 

 
 



In a solid solution, the alloying atoms B can accumulate in the host lattice of the 
host substance A in two different ways during crystallization. Accordingly, a distinction 
can be made between substitutional solid solutions and interstitial solid solutions. These 
are explained in more detail in the corresponding chapters. 
Substitutional solid solution 

If the atoms of the alloying element B occupy regular positions in the host lattice 
of the element A during crystallization, this is referred to as a substitutional solid 
solution. A comparison between the host lattice before melting down and the common 
crystal lattice after solidification shows that individual A atoms were simply substituted 
by B atoms. 

 
Figure: Schematic structure of the components of a substitutional solid solution 

In general, the two alloy components have different atom radii and chemical 
properties. Therefore, in reality, there is a lattice distortion within the crystalls. The 
lattice distortion increases with the number of substituted atoms and finally leads to the 
fact that the host atoms cannot be replaced to an unlimited extent by alloying atoms. The 
solubility of the alloying element in the host material is therefore generally limited 
(partial solubility of the components in the solid state). 
Only under the conditions that the alloying component B, compared to the host 
component A, has 

 the same lattice structure, 
 similar atomic radii (differ less than 15 %) and 
 similar chemical properties, 

the alloying atoms B can occupy regular lattice sites of the host crystal A “unnoticed” 
over the entire mixing range. Any alloy concentration can ultimately be produced without 
a so-called miscibility gap by means of such a substitutional solid solution. 



 
Figure: Schematic structure of the components of a complete solid solution series 

(substitutional solid solution) 
A solubility over the entire mixing range is also referred to as a complete solid solution 
series, i.e. a perfect solubility of the components in the solid state. In principle, the 
copper-nickel alloy system forms such a complete solid solution series. 
An alloy system which shows a complete solubility of the components in the solid 
state over the entire concentration range is also referred to as a “complete solid 
solution series”! 
The conditions mentioned above to form a solid solution are also called Hume-Rothery 
rules. 
Interstitial solid solution 

If the atoms B of the alloying element are relatively small compared to the atoms 
A of the host material (maximum diameter ratio 0.4), there is another possibility of 
atomic arrangement in the lattice. Due to their small size, the alloying atoms B can then 
also be placed in interstitial lattices sites of the host crystal structure. 

 
Figure: Schematic structure of a substitutional solid solution 



Such a mixture of atoms at intermediate lattice sites is also known as an interstitial 
solid solution. Due to their dominant role, the regular lattice sites are reserved exclusively 
for the atoms of the host lattice. 

Since only the intermediate lattice sites are available in an interstitial solid solution, a 
complete solubility of the components only occurs within a strongly limited 
concentration range (usually only a few percent). If alloying is carried out beyond this 
solubility limit, the “excess” of alloying atoms B will precipitate and form its own crystal 
in the microstructure. This crystal can in turn partly contain atoms of the host component 
A. Therefore, only a partial solubility of the components in the solid state is obtained for 
interstitial solid solutions. 

Mixture of pure crystals 

If the conditions for the formation of a solid solution are not met, the alloying atoms B 
may not be able to occupy regular lattice sites or intermediate lattice sites as well. This is 
the case when the alloying component B, in comparison to the host component A, has 

 Another lattice structure or 
 Has very different chemical properties. 

 
 

Figure: Schematic structure of the components of a mixture of pure crystals 
 

The atoms are then practically displaced from the other lattice structure during 
solidification and are forced to form their own (“pure”) crystals. Each type of atom then 
forms its own crystal structure, so that no alloying atoms can be found in the host lattice 
and no host atoms ca be found in the alloying lattice (complete insolubility of the 
components in the solid state). The microstructure consists of a mixture of completely 
different crystallites (grains). 
 
 
 
 



If the components of an alloy are not soluble, each component will form its own 
crystal structure! 

 
Figure: Schematic structure of a complete insolubility of the two components in the 

solid state 
Figuratively, the components of such a alloy behave like a mixture of water and 

oil, whose components cannot be mixed either – neither the water particles in oil nor the 
oil particles in water. 

Note that just because the atoms of a mixed crystal alloy cannot be mixed in a 
common lattice structure, this does not mean that the alloy is less stable than a solid 
solution alloy! Very high interatomic forces also act between the pure crystals of such an 
alloy to ensure cohesion. 

A mixture of pure crystallites will not be found in reality, since the components 
can always be mixed to a certain degree, even if the solubility is very low. But in the 
bismuth-cadmium alloy system, for example, the solubility is so low that a complete 
insolubility of the components can be assumed for simplicity. 
Mixture of solid solutions 

Perfect solubility (solid solution) or complete insolubility of the components 
(crystal mixture) are only special cases. In general, the components are neither 
completely miscible nor immiscible. 

In reality, an alloying component B can always be dissolved to a certain degree in 
the host component A and vice versa. In general, therefore, a limited solubility of the 
components in the solid state is always obtained. 

Figuratively, partial solubility can be compared with a water-sugar mixture in 
which the solubility of sugar in water is also limited. The water can only dissolve the 
sugar in it to a certain extent, the undissolved sugar will eventually settle. 



 
Figure: Schematic structure of a partial solubility of the two components in the solid 

state 
In the lattice structure of the host component A (solvent), B atoms (solute) will 

also be found to a certain extent. Depending on their chemical properties, the B atoms 
can either occupy regular lattice sites in the host lattice A or be stored at intermediate 
lattice sites. It is then either a substitutional solid solution or an interstitial solid solution. 
Such a solid solution, which primarily consists of the host element A (in particular of the 
lattice structure of component A) and contains only small amounts of alloying element B, 

is also referred to as αα-solid solution (alpha solid solution). 
Conversely, at very high concentrations of B atoms, the crystallites consist mainly of the 
lattice structure of component B (solvent), while small amounts of atoms A (solute) will 

be deposited therein. In such a case one speaks of a ββ-solid solution (beta solid 
solution). 
 Alloys are usually classified as substitutional or interstitial alloys, depending on the 

atomic arrangement that forms the alloy. They can be further classified as homogeneous 
(consisting of a single phase), or heterogeneous (consisting of two or more phases) or 
intermetallic.. 

 There are two main types of alloys. These are called substitution alloys and interstitial 
alloys. In substitution alloys, the atoms of the original metal are literally replaced with 
atoms that have roughly the same size from another material. 
 

Need for the study of Alloys and solid solutions 
 To identify the alternate metals and alloys 
 To develop new cutting tool metals with required hardness  
 To alter the properties of metals 
 To support R&D  for developing alternate materials in the economical way 

 

 



Classification of Alloys and solid solutions 

 
Application & Behaviors of Alloys and solid solutions 

          
 



Test after completion 
1. An alloy is a 

a. Pure metal 
b. Mixture of metals in any proportion 
c. Mixture of metals in fixed proportion 
d. Mixture of two non metals 
 

2. Bronze is an alloy of 
a, Copper and Nickel 
b. Copper and iron. 
c. Copper and Tin. 
d. Copper and Aluminium.. 
 

3. Which of the following is not an alloy? 
a. Steel 
b. Copper 
c. Brass 
d. Bronze 

 
4. An alloy can be one of the following type 

a. Homogenous 
b. Heterogeneous 
c. Intermetallic 
d. All of the above 

 
5. Brass is an alloy of 

a. Copper and tin 
b. Copper and nickel 
c. Copper and Aluminium. 
d. Copper and zinc 

 
Summary 

 We have discussed in detail about different alloys and solid solutions 
 Iron is an alloy of interstitial solid solution. 
 Copper is an alloy of substituitional solid solution. 
 Both ferrous and non ferrous metal based alloys were developed based on the concept of 

solid solutions. 
 
  

 Demo Videos 
 
https://www.youtube.com/watch?v=Bx087AiKmPs 
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Assignment questions 

1. Define solid solution  

2. Differentiate substitutional and interstitial solid solutions.  

3. State Gibbs’s phase rule. 

4. What is liquidus line?  

5. Define triple point.  

6. Define polymorphism.  

7.  What is steel? 
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Course Material 
Name of the Course  : Materials Engineering  
Name of the Unit  : Alloys, Solid solutions-Phase diagrams 
Name of the Topic  : Phase diagrams  
 
 Objectives:  

To provide a detailed interpretation of phase and equilibirium diagram. 
 Outcomes:  

Upon successful completion, the student should be able to understand the changes 
in phases due to the invariant reactions 

 Pre-test:  
To recall the basic knowledge of various metallic structures 
 

1. In this figure, what does O denote? 

 
a) Melting point 
b) Boiling point 
c) Triple point 
d) Vaporization point 

 

2. Ref from fig At 1.0 atmosphere of pressure and 150°C, what is the phase of water? 

  
a) Gas 
b) Liquid 
c) Solid 
d) Semi-solid 



3. Ref above fig .What phases of water are present at a temperature of 0.01°C and 0.006 
atm of pressure? 

a) Solid- liquid 
b) liqid-gas 
c) solid-gas 
d) solid-liquid-gas 

4. A single homogeneous physical state is referred to as 
a) Pressure 
b) tempertature 
c) A phase 
d) Vaccum 
 

5. Allotropy form water is 
a) liqid 
b) solid 
c) gas 
d) liquid-solid-gas 
 

6. From the below which microstructure of the metel leads to brittle fracture 
a) Ferrite 
b) pearlite 
c) Martensite 
d) Ferrite-pearlite 

Phase diagrams- Theory 
 
Cooling curves 
 
A cooling curve is a line graph that represents the change of phase of matter, typically from a gas 
to a solid or a liquid to a solid. The independent variable (X-axis) is time and the dependent 
variable (Y-axis) is temperature. Below is an example of a cooling curve used in castings. 
 

 



 
 
Phase diagram is a graphical representation of the physical states of a substance under different 
conditions of temperature and pressure. A typical phase diagram has pressure on the y-axis and 
temperature on the x-axis. ... In addition, two states of the substance coexist in equilibrium on the 
lines or curves.. 

 

 
 

A unary phase diagram plots the phase changes of one element as a function of tempera- 
ture and pressure. A binary diagram plots the phase changes as a function of temperature for a 
system with varying composition of two components. Phase diagrams are usually constructed 
with a constant pressure of one atmosphere. 
Unary Phase Diagram 
Phase diagrams are important and essential tools to understand compositional concentrations of 
two or more elements. 

 These are influenced by temperature and pressure. 
 Melting point of tungsten is 3400°C and that of aluminum 657°C, hence the two elements 

cannot blend together as their solid-liquid or intermediate phases restrict them to do so. 
 However melting point of copper (1083°C) and nickel (1453°C); lead (327°C) and tin 

(232°C) in their equilibrium phase diagrams indicate the possibility of mixing. 
 



Phase Diagrams 
Definition: Plots showing relations between phases in equilibrium versus composition, pressure 
and temperature are called phase diagrams. These are also known as equilibrium diagrams. 

Temperature is plotted on ordinate (y-axis) and composition (in binary phase diagrams) 
or pressure (in unary phase diagram) on abscissa (x-axis) in a phase diagram. The composition is 
expressed in percent weight. 

We can see from these diagrams the change in phases with respect to the changes in 
temperature or composition. Phase diagrams are always drawn at equilibrium state because a 
system always tries to be stable. The alloy systems involve a number of components. Based on 
these, the phase diagrams are classified as under: 

1. Unary phase diagram (single component system) 
2. Binary phase diagram (two components system) 
3. Ternary phase diagram (three components system), 
4. Quaternary phase diagram (four components system), and so-on. 

Now we shall discuss them one by one. 
Unary Phase Diagram 

Such phase diagrams are drawn for a single component system. Question of composition 
and compositional variable does not arise in it. Hence the phase map indicates temperature Ton 
y-axis and pressure p on x-axis. 
 

Unary Phase Diagram of Iron: Consider the case of iron (Fe) whose phase diagram is shown in 
Figure 1. The diagram indicates different phases as a function of temperature and pressure. The 
gases, liquids, and solid forms of iron are single phases. 
 

The boundaries AB, CDE, FDE, GHJ and GHK are phase boundaries for two phase equilibrium. 
Here D = 1 which implies that either temperature or pressure may be varied. If we want to 
maintain two phase equilibrium on these boundaries, then pressure and temperature both are 
required to be changed accordingly. 
 

 



Triple point and constraint system: Three phase boundaries meet at points D and H. 
These points are known as triple points. Here, D = 0 and three phase equilibrium exists. As the 
degree of freedom is zero i.e. system is constraint, neither pressure nor temperature can be 
varied. 

Crystal forms of iron such as BCC (α), FCC (y) and BCC (δ) are obtained at increasing 
temperatures. BCC (α) form converts to HCP (e) form near a pressure of about 15 GPa. 
 

Unary Phase Diagram of Carbon: The carbon possesses different phases as shown in Figure 2. 
These are: 
(i) Graphite          (iii) Metallic carbon 
(ii) Diamond        (iv) Liquid 

 
The graphite is stable solid phase at normal pressures, while the diamond is stable solid 

phase at high pressures, whereas the metallic carbon exists only at very high pressures. Thus the 
production of synthetic diamond requires very high pressure. 
 

Binary Phase Diagram 
 

Such diagrams are a result of two components systems. In addition to pressure and 
temperature, a third variable `composition’ is also involved now. It, therefore, necessitates a 
three dimensional diagram to depict phases. 

However for simplicity of plotting phase diagrams on paper; the temperature is taken on 
ordinate and composition on abscissa for a specified pressure. The specified pressure is generally 
atmospheric. As pressure variable is avoided arbitrarily, Gibb’s Phase Rule equation may be 
written as 

D = C – P + 1 ………..(Equation 2) 
Two component systems obeying Hume-Rothery’s conditions, and exhibiting complete 

solid solubility as well as liquid solubility result into binary phase diagrams. The two involved 
components dissolve in all proportions into each other in solid and liquid states. 



 
A schematic binary phase diagram is shown in Figure 3. The two components 

are A and B. Percentage weight composition of A varies between 0 to 100 from left to right 
while that of B varies between 0 to 100 from right to left on horizontal axis named as 
composition or c-axis. Temperature is plotted on ordinate. 

Solidus and Liquids: There are two single phase regions, viz. the solid and the liquid. Solid 
phase region lies below TsMNTL, boundary. The liquid phase region lies above TsQTL, 
boundary. There is also present a two-phase region marked L + S. It lies between the above two 
boundaries. Solid and liquid phases co-exist in this region. 
The boundary TSMNTL between solid phase and (L + S) phase, is called solidus while 
TSQTL between liquid phase and (L + S) phase, is known as liquidus. Ts is the temperature below 
which the system is in solid phase, and TL is the temperature above which the liquid phase exists. 

Tie line: The horizontal line QN at temperature T1 is called the tie-line. Another horizontal 
line RS is tie-line at T2 temperature. If our interest is to obtain mix composition of 
components A and B at T1 temperature, we consider tie-line QN. 

The intersection of this tie-line with liquidus at Q gives liquid composition Cl, and intersection 
with solidus at N gives solid composition Cs. From Equation 2, the degrees of freedom are 
D = 2 – 1 + 1 = 2 for single phases, and D = 2 – 2 + 1 = 1 for two phase region. 

Variables for two-phase region: As D = 1 for two-phase region, only one out of three variables 
named below may be varied. These are 

1. Temperature 
2. Liquid composition Cl, and 
3. Solid composition Cs. 

We are not free to choose any percent combination of two components at any arbitrary 
temperature. Either temperature is to be pre-fixed or composition of one phase is to be specified 
initially. 
 
 



Binary Isomorphous Phase Diagram 
By isomorphous system we mean a system in which there is complete solid and liquid 

solubility of two components. Copper-nickel system is one such example. It is shown in Figure 
4. 

 
Liquids, solidus, and different phases are shown in it as a function of temperature and 

composition. The melting point of Cu is 1085°C and that of Ni is 1453°C. All other details are 
similar to as explained in earlier paragraphs, and hence are self-explanatory. 

Types of Binary Phase Diagrams 

Depending on small or large, complete or incomplete, and limited or unlimited solid 
solubility of elements and compounds; and also the melting points of the two components; the 
binary phase diagrams may be further classified as follows. 

1. Eutectic phase diagram 
2. Eutectoid phase diagram 
3. Peritectic phase diagram 
4. Peritectoid phase diagram 

Eutectic, eutectoid, peritectic and peritectoid terms are related to phase transformations, and are 
discussed in following sections with their respective phase diagrams. 

Eutectic Phase Diagram 

An eutectic phase diagram is obtained when the melting points of the two components of 
phase diagram are neither very close nor much different. Only liquid solubility exists in such 
cases. 

The solid solubility may be negligible or partial. Solid solubility is never zero even in an 
unfavorable condition. Thus, there are two cases of eutectic phase diagrams viz. 

 Complete liquid solubility with negligible solid solubility. Cadmium-bismuth system is 
the example, and 

 Complete liquid solubility with partial solid solubility. Lead-tin system is the example of 
this case. 

Phase Diagram of Lead-Tin System: The phase diagram of lead-tin alloy system is shown in 
Figure 5. Melting points of lead (Pb) and tin (Sn) are 327°C and 232°C respectively. In the solid 
α phase, a very small amount of tin is dissolved in lead. 



The other solid phase is β in which very small quantity of lead is dissolved in tin. Both 
the components dissolve in each other sufficiently in (α + β) phase. 
Two-phase regions (α + β) and (α + L), (α + β) and L; (α + β) and (β + L) are separated by a 
horizontal line BDE. This line corresponds to a temperature Te known as eutectic temperature. 
Composition at point D is called eutectic composition Ce. At this point, the liquid 
phase L transforms to (α + β) phase during cooling and vice-versa during heating. It can be 
expressed by an eutectic reaction as given below: 

 
Invariant point: Composition of Sn and Pb at points B, D and E are shown at eutectic 
temperature. These cannot be varied because degree of freedom for three phases in equilibrium is 
zero. It can be verified by equation 2 which yields 
D = 2 – 3 + 1 = 0 
The eutectic temperature and eutectic reaction are called invariant temperature and invariant 
reaction respectively to indicate D = 0. 

 
Phase boundaries and solvus: In Figure 5, different phases are separated by various phase 
boundaries, whose details are given below. 

 Boundary CD between L and α + L phases is liquidus I. 
 Boundary DF between L and β + L phases is liquidus II. 
 Boundary BC between α and α + L phases is Solidus I. 



 Boundary EF between β and β + L phases is Solidus II. 
 Boundary AB between α and α + β phases is Solvus I. 
 Boundary EG between β and α + β phases is Solvus II. 

Compositions of alloys left to the point D are called hypoeutectic alloys, and those to the right 
are known as hypereutectic alloys. 
Eutectoid Phase Diagram 
The transformation of liquid phase into solid phase on cooling and vice versa has been described 
in the previous section. In eutectoid system, a solid phase replaces the liquid phase of eutectic 
system. The eutectoid reaction involves transformation of a solid phase into two other solid 
phases on cooling and vice versa, and is expressed as 

 
Hypo-eutectoid and hyper-eutectoid: Recall equation 3 whose phase L has been replaced here 
by y phase. If this replacement is done in Figure 5, it will constitute α + L phase as α + y, and β + 
L phase as β + y phase respectively. 
Te will now be known as eutectoid temperature, and the composition at point D will be called 
eutectoid composition. The alloy compositions left to point D is known as hypo-eutectoid, and 
towards right of D is called hyper-eutectoid. 
Illustration: An eutectoid reaction takes place at 723°C in iron-carbon system where eutectoid 
composition contains 0.83% carbon. Here, the austenite, a solid solution of carbon in y-iron 
decomposes into two solid phases named ferrite (alpha-iron) and the cementite (Fe3C). These are 
shown later in Figure 7. Eutectoid reaction occurs in other systems also such as Cu-Be, Al-Mn, 
Cu-Sn, Cu-Al etc. 
Peritectic Phase Diagram 
Such a phase diagram is obtained when the melting points of two components differ too much 
from each other. 
The gold-lead system is an example. Here the melting points of gold and lead are 1063°C and 
327°C respectively. Thus a vast difference of 736°C exists. 
Another example is that of silver (Ag) and platinum (Pt) system whose phase diagram is shown 
in Figure 6. The difference in melting point of platinum (1769°C) and silver (961°C) is more 
than 800°C. Various solid phases, two phase regions and liquid phase are shown. 

 



Horizontal tie-line ABC denotes peritectic temperature Tp which is 1185oC. The 
composition Cp at point B is called peritectic composition. At this point, the solid liquid phase β 
+ L transforms to a single solid phase α on cooling, and vice-versa. The degree of freedom is 
zero here. So the peritectic reaction is an invariant reaction, as follows: 

 
Different phase boundaries are names in a similar manner as described for eatectic phase 
diagram. 

Peritectoid Phase Diagram 

Such phase diagrams involve transformation of two solid phases into a different solid phase on 
cooling, and vice-versa. Contrary to peritectic reaction where solid-liquid phase β + L changes to 
another solid phase α; here solid-solid phase changes to another solid phase. It is given by 

 
Interpretation of Phase Diagrams 
From a binary system of known composition and temperature at equilibrium, the following three 
kinds of information are available, viz. 

 the phases that are present, 
 the compositions of these phases, and 
 the percentages or fractions of the phases. 

The procedures for making these determinations are given below. 

Determination of the phases present: To determine what phases are present, we should locate 
the temperature-composition point on the diagram and note the phase(s) with which the 
corresponding phase field is labeled. 

For example, an alloy of composition 60 wt% Ni + 40 wt% Cu at 1100°C would be located at 
point A in Figure 4. Since this is within the A region, only the single a-phase will be present. 
On the other hand, a 35 wt% Ni + 65 wt% Cu alloy at 1250°C (point B) will consist of both a 
and liquid phases at equilibrium. 

Determination of Phase Composition 

First of all, we should locate the temperate-composition point on the phase diagram. Different 
methods are used for single and two-phase regions. If only one phase is present, the composition 
of this phase is simply the same as the overall composition of the alloy. 
For example, 60 wt% Ni + 40 wt% Cu alloy at 1100°C (point A, Figure 4), only a-phase is 
present, having a composition of 60 wt% Ni + 40 wt% Cu. 



 
Isotherm: For an alloy having composition and temperature located in a two-phase region, one 
has to draw a series of horizontal lines, one at every temperature. Each of these is known as a tie 
line or isotherm. 
These tie lines extend across the two-phase region and terminate at the phase boundary line on 
either side. To compute the equilibrium concentrations of the two phases, the following 
procedure is adopted. 

1. A tie line is constructed across the two phase region at the temperature of the alloy. 
2. The intersections of the tie line and the phase boundaries on either side are noted. 
3. Perpendiculars are dropped from these intersections to the horizontal composition axis, 

from which the composition of each of the respective phases is read. 

Illustration: For example, we consider 35 wt% Ni-65 wt% Cu alloy at 1250°C, located at point 
B in Figure 4, and lying within the α + L region. The tie line has been constructed across the α + 
L phase region. 
The perpendicular from the intersection of tie line with liquidus boundary meets the composition 
axis at 31.5 wt% Ni-68.5 wt% Cu, which is the composition of the liquid phase CL. Likewise for 
the solidus-tie line intersection, we can find a composition for the α solid-solution phase Cα, of 
42.5 wt% Ni-57.5 wt% Cu. 

Determination of Phase Amount 
We see from the previous example for the 60 wt% Ni-40 wt% Cu alloy at 1100°C (point A in 
Figure 4) that only α-phase is present; hence the alloy is completely (or 100%) α. 
For a two-phase region, the tie line must be utilized in conjunction with a procedure that is called 
lever rule which is applied as follows. 

 The tie line is constructed across the two-phase region at the temperature of the alloy. 
 The overall alloy composition is located on the tie line. 
 The fraction of one phase is computed by taking the length of tie line from the overall 

alloy composition to the phase boundary for the other phase, and dividing by the total tie 
line length. 

 The fraction of the other phase is determined in the same manner. 
If phase percentages are desired, each phase fraction is multiplied by 100. For more details, see 
article on lever rule. 



Illustration: Let us examine an alloy of composition C2 as it is cooled along the vertical line xx’ 
in Figure given below. Down to the intersection of xx’ and the solvus line, changes that occur are 
similar to the previous case, as we pass through the corresponding phase regions (as 
demonstrated by the insets at point d, e and f). 

 
Iron-Carbon Phase Diagram 

The iron-carbon system, being the most important and common in engineering 
applications, will be described in detail. 

It has already been discussed that carbon has different forms. Iron (Fe) with carbon (C) in 
graphite form is more stable than iron with iron carbide (Fe3C) component in Fe-Fe3C phase 
diagram. Fe3C is contained by steels having widely varying carbon content, hence we shall study 
the metastable phase diagram of Fe-Fe3C. 

Weight percent of carbon is plotted on x-axis against the temperature on y-axis as shown 
in Figure 7. Various solid phases are marked by α and y symbols. Single liquid phase L, solid-
liquid phases y+ L etc. and the solid-solid phases α + Fe3C and y+ Fe3C etc. are shown in it. 



 

Eutectoid Point: In Figure 7, point A is eutectoid point. The eutectoid temperature is 723°C and 
eutectoid composition is 0.83% carbon. Eutectoid reaction is expressed by 

 
Eutectic Point: The eutectoidal mixture of ferrite and cementite is called pearlite. This is a 
microconstituent. Fraction of ferrite in eutectoid steel is 88%. 
Point B is eutectic point whose coordinates are Ce = 4.3% carbon and Te = 1175°C. The eutectic 
reaction is expressed as 

 
Peritectic reaction occurs at point C where peritectic composition is 0.18% carbon and peritectic 
temperature is 1495°C. Here, the invariant reaction is 

 

Effect of Percentage of Carbon on Melting Point: Melting point of iron in its purest form is 
1539°C. It lowers down with an increase in the percentage of carbon and is lowest (about 
1175°C) at 4.3% carbon. 

The α-phase is called ferrite, Fe3C is cementite and y-phase is known as austenite. Iron 
and steel are also termed as ferritic steel in α – region, austcnitic steel in y – region and cast iron 
when carbon percentage exceeds 2%. 

 

 

 



Applications of Phase Diagrams 

Phase diagrams are of great utility in various applications. Some of their important uses 
are given below. 

Alloy Making : Correct compositions of alloying elements at specified temperatures are 
obtained with the help of phase diagrams. 

Zone Refining : Purification of materials is done by the principle of phase separation. 
Concentration of impurity in semiconductors is controlled by zone refining. 

3. Softening of Refractories : Presence of impurities lower down the melting points of high 
temperature resisting ceramics known as refractory. For example Mg0 as an impurity lowers the 
melting point of alumina Al203. Phase diagram helps in sorting-out this problem so that the 
presence of impurities may be avoided. 

4. Tempil Sticks : Phase diagrams help to know the eutectic temperature and eutectic 
composition which is utilized to make eutectic alloys. As these alloy melt at constant 
temperature, hence they are suitable for temperature measurement. Commercially they are 
known as tempil sticks. 

5. Solder Wire: The eutectic alloy of Pb-Sn (38% – 62%) is used as soldering material to join 
two metals. 

6. Safety Devices: Safety against fire is of utmost importance in petroleum industry, gas filling 
plants and other hazardous industries. Low melting eutectic alloys are useful in such cases. The 
phase diagram helps in making proper composition of such alloys of Bi, Cd, Pb and Sn etc. 

7. Semiconductor Devices: Eutectic alloys of Au-Si, Ga-Al-As etc. are used in the 
manufacturing of transistors, thermistors, junction rectifiers and the solar batteries etc. 

Advantages of Equilibrium diagram 
 
 The iron-carbon diagram provides a valuable foundation on which to build knowledge 

of both plain carbon and alloy steels in their immense variety.  
 A study of the constitution and structure of all steels and irons must first start with the 

iron-carbon equilibrium diagram. 
 

Limitations of equilibrium phase diagram 
 

1. Fe-Fe3C equilibrium / metastable phase diagram. 
2. Stability of the phases under equilibrium condition only. 
3. It does not give any information about other metastable phases. i.e. bainite,martensite. 
4. It does not indicate the possibilities of suppression (reduced ) of proeutectoid phase 

operation. 
5. No information about kinetics energy. 
6. No information about size. 
7. No information on properties. 
 
 



Time-Temperature-Transformation (TTT) Curves 

 
 TTT diagram is a plot of temperature versus the logarithm of time for a steel alloy of definite 

composition.  
 TTT diagram indicates a specific transformation starts and ends and it also shows what 

percentage of transformation of austenite at a particular temperature is achieved.  
 The aims of TTT diagrams is determined type of structure for and portion in the curve and to 

obtained on specific properties . It is also called isothermal transformation diagram 
 
Pearlite 

 The eutectoid reaction is fundamental to the development of microstructures in steel alloys. 

 (0.76 wt% C) ⇌ (0.022 wt% C) + Fe3C (6.70 wt% C) 

 Pearlite is the microstructural product of this transformation. 

 Above eutectoid temperature: only austenite exists 

 Below eutectoid temperature: nucleation + growth 

 The percentage of the transformation product is related to the holding temperature and 
holding time. 

 The thickness of the ferrite/cementite layers in pearlite depends onthe temperature. With 
decreasing temperature, the layers become progressively thinner. 

 At temperatures just below eutectoid  relatively thick – layers  coarse pearlite. 

 In the vicinity of 540C  relatively thin layers  fine pearlite 
 
Martensite -Martensite is formed when austenitized Fe-C alloys are rapidly cooled (or quenched) to 
a relatively low temperature.  

 Non-equilibrium single phase. 

 Transformation of FCC to BCT (body-centered tetragonal). 

 The martensite grains nucleate and grow at a very rapid rate . 
 

 



Time-Temperature-Transformation (TTT) Curves 
 TTT diagram is a plot of temperature versus the logarithm of time for a steel alloy of 

definite composition. 

 TTT diagram indicates a specific transformation starts and ends and it also shows what 
percentage of transformation of austenite at a particular temperature is achieved. 

 The aims of TTT diagrams is determined type of structure for and portion in the curve 
and to obtained on specific properties. It is also called isothermal transformation diagram 

Pearlite 
 The eutectoid reaction is fundamental to the development of microstructures in steel 

alloys. 

 (0.76 wt% C) ⇌ (0.022 wt% C) + Fe3C (6.70 wt% C) 

 Pearlite is the microstructural product of this transformation. 

 Above eutectoid temperature: only austenite exists Below eutectoid temperature: 
nucleation + growth 

 The percentage of the transformation product is related to the holding temperature and 
holding time. 

 The thickness of the ferrite/cementite layers in pearlite depends on the temperature. With 
decreasing temperature, the layers become progressively thinner. 

 At temperatures just below eutectoid  relatively thick layers coarse pearlite. 

 In the vicinity of 540C  relatively thin layers fine pearlite 
Martensite 

 Martensite is formed when austenitized Fe-C alloys are rapidly cooled (or quenched) to a 
relatively low temperature . 

 Non-equilibrium single phase. 

 Transformation of FCC to BCT (body-centered tetragonal). 

 The martensite grains nucleate and grow at a very rapid rate . 
 
 (BCT)  (FCC) Austenite phase Martensite  (body-centered tetragonal) 

The time-temperature transformation curves correspond to the start and finish of 
transformations which extend into the range of temperatures where austenite transforms to 
pearlite. 

 Above 550 C, austenite transforms completely to pearlite. 

 Below 550 C, both pearlite and bainite are formed. 

 Below 450 C, only bainite is formed. 
 
From The below fig. :- 

 The horizontal line C-D that runs between the two curves marks the beginning and end of 
isothermal transformations. 

 The dashed line curves that represents the time to transform half  the austenite to pearlite. 
 

 



NOTES 
 The thickness of the ferrite and cementite layers in pearlite phase is ~ 8:1. 

 The absolute layer thickness depends on the temperature of the transformation. 

 The higher the temperature, the thicker the layers. 
 

The complete isothermal transformation diagram for an iron-carbon alloy of eutectoid 
composition. 

A: austenite , B: bainite , M: martensite , P: pearlite 
 

TTT diagram gives 
1- Nature and type of transformation . 
2- Rate of transformation. 
3- Stability of phases under isothermal transformation conditions. 
4- Temperature or time required to start or finish transformation. 
5- Qualitative information about size scale of product . 
6- Hardness of transformed products. 

 
Factors affecting TTT diagram 
1- Composition of steel- 

(a) carbon wt%, 
(b) alloying element wt% 

2- Grain size of austenite 
3- Heterogeneity of austenite. 
 
Mechanical Properties of Fe-C Systems  

Example (1): - 
Eutectoid steel cooled from austenite phase at 800 C ,then cooled as (TTT diagram )  as below , 

find the final structure if cooling path as following : 
1) Rapid cooling to (350 C) and hold to( 104 sec) , then rapid cooling to room 

temperature . 
2) rapid cooling to (650 C) and hold to( 20 sec) , then, rapid cooling to 400 C) and hold at 

(103 sec ) , then cooled to)room temperature . 
ANS.:- From TTT diagrams below 

1- Austenite transform to 100% bainite . 

2- Austenite transform to 50% bainite and 50% perlite . 



 

Example (2) 
Using the isothermal transformation diagram for an iron-carbon alloy of eutectoid 

composition, specify the nature of the final microstructure of a small specimen that has 
been subjected to the following time-temperature treatments. 

The specimen begins at 760°C and that it has been held at this temperature long 
enough to have achieved a complete and homogeneous austenitic structure. 

(a) Rapidly cool to 250°C, hold for 100s, and quench to room temperature 

(b) Rapidly cool to 600°C, hold for 104 s, and quench to room temperature 
Ans :- 

1- At 760°C: in the austenite region (g) — 100% austenite Rapidly  cool from 760°C to 
250°C: 100% austenite 

2- Hold for 100 seconds at 250°C: 100% austenite  
3- Quench to room temp.: 100% martensite B /1-At 760°C: in the austenite region — 100% 

austenite 2-Rapidly cool from 760°C to 600°C: 100% austenite 3-Hold for 104 s at 
250°C: 100% pearlite 4-Quench to room temp.: 100% pearlite 

Example 3 :- ( home work ) 
Samples of Eutectoid steel heated to  austenite phase at (850 C) for ( 1 hr.) ,then cooling as the 

(TTT diagram ) as below . 
Find the final structure for each sample.  

1- Rapid cooling to room temperature. 
2- Rapid cooling to (690 C) and hold to ( 2 hr.) , then, rapid cooling to room temperature . 
3- Rapid cooling to (610 C) and hold to ( 3 min.) , then, rapid cooling to room temperature  
4. Rapid cooling to (580 C) and hold to( 2 sec ) , then, rapid cooling to room 

temperature . 
5. Rapid cooling to (450 C) and hold to( 1 hr.) , then, rapid cooling to room temperature 
6. Rapid cooling to (300 C) and hold to( 7 min.) , then, rapid cooling to room temperature 
7. Rapid cooling to (300 C) and hold to( 5 hr.) , then, rapid cooling to -7 room temperature . 

. 
 



Continuous Cooling Transformation (CCT) diagrams 

 
 The TTT diagrams are also called Isothermal Transformation Diagrams, because the 

transformation times are representative of isothermal hold treatment (following instantaneous 

quench). 

 In practical situations we follow heat treatments (T-t procedures/cycles) in which 

(typically)there are steps involving cooling of the sample. The cooling rate may or may not 

beconstant. The rate of cooling may be slow (as in a furnace which has been switch off) or 

rapid (like quenching in water). 

 Hence, in terms of practical utility TTT curves have a limitation and we need to draw 

separate separate diagrams diagrams called Continuous Cooling Transformation  diagrams 

diagrams (CCT),  where in transformation times (also: products & microstructure) are noted 

using constant rate cooling treatments. 

 A diagram drawn for a given cooling rate (dT/dt) is typically used for a range of cooling rates 

(thus avoiding the need for a separate diagram for every cooling rate). 

 However, often TTT diagrams are also used for constant cooling rate experiments- keeping 

in view the assumptions & approximations involved. 

 Important difference between the CCT & TTT transformations is that in the CCT case 

Bainite cannot form. 

 The CCT diagram for eutectoid steel is considered next. 

 



 

 
 

Need for the study of Phase diagrams 

1. A phase diagram in physical chemistry, engineering, mineralogy, and materials science is a type of 
chart used to show conditions (pressure, temperature, volume, etc.) at which thermodynamically 
distinct phases (such as solid, liquid or gaseous states) occur and coexist at equilibrium 

2. Phase diagrams are used by materials scientists to determine the stability of different phases. 

3. Binary or ternary diagrams can be used to determine whether materials are compatible under certain 
conditions 

 
Classification of Phase Diagrams  

1. Unary phase diagram (single component system) 

2. Binary phase diagram (two components system) 

3. Ternary phase diagram (three components system), 

4. Quaternary phase diagram (four components system), and so-on. 

 
A ternary phase diagram shows possible phases and their equilibrium according to the composition of 
a mixture of three components at constant temperature and pressure 

 



 
 

Quaternary phase diagrams  

Phase diagrams are graphical representations of the liquid, vapor, and solid phases that 
co-exist at various ranges of temperature and pressure within a reservoir. Quaternary phase 
diagrams represent the phase behavior of mixtures containing four components in a pyramid-
shaped diagram (a tetrahedron). 

 
 
Terminology used other than normal known scientific / engg. terms and their fundamental 
explanations / relations:  

 Phase diagram, cooling curves, eutectic reaction,eutectoid reaction,cast iron, steel, 
alloys,Microstructure 

 
 
 
 

 
 
 



 
Application Phase diagrams   

 
 

 
 
 



Test after completion 
1. Which of the following cannot be obtained using a phase diagram? 

a) Melting temperatures of various phases 
b) Temperature range for solidification 
c) Equilibrium solid solubility 
d) Purity of materials  

2. The maximum concentration of solute that can be added is defined as ____________ 
a) Solution limit 
b) Solubility limit 
c) Concentration 
d) Degrees of freedom  

 
3 Which of the following equation represents the Gibbs phase rule? 

a) F = C + P + 2 
b) F = C – P + 2 
c) F = C + P + 1 
d) F = C + P – 1 

 
4. Number of degrees of freedom at a triple point in unary phase diagram is? 

a) 1 
b) 10 
c) 0 
d) -1 

 
5. Iron-Carbon phase diagram is a ___________ 

a) Unary phase diagram 
b) Binary phase diagram 
c) Tertiary phase diagram 
d) Ternary phase diagram 

 
Summary 

 Phase diagrams are the most helpful to estimate the condition of the metal with respect to 
changes in temperatures. 
 

 Solubility of metals in the formation of alloys can be justified only from the phase 
diagrams 

 The properties of the metals can be easily evaluated or prejudged from phase diagrams 
 .To take decision for altering the process variables during melting as well as heat 

treatment.. 
 

  
 



 
Demo Videos 

 
https://www.youtube.com/watch?v=ejg27ozbPA8 
https://www.youtube.com/watch?v=iwJKx_PP9Qg 
https://www.youtube.com/watch?v=7Ym-QyLpsiE 
https://www.youtube.com/watch?v=0bomauw8YDc 
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Assignment questions 
 

 1. Define solid solution 

2.  Define Gibbs phase rule 

3.  Explain the TTT diagram in detail.  

4. Differentiate between steel and cast iron.  

5. Draw completely labeled iron-carbon equilibrium diagram.  

 

************************************************************************** 
 
 



Course Material 

Name of the Course  : Materials Engineering  
Name of the Unit  : Allouys, Solid solutions-Phase diagrams 
Name of the Topic  : Microstructures of iron 
 
 

 Objectives:  
To study the  evolution of different microstructures of iron carbon system  

 Outcomes:  
Upon successful completion, the student should be able to know about the 

relationship between the microstrure and properties are dependent upon the cooling rate. 
 Pre-test:  

To recall the basic knowledge of iron carbon system 
 

1. The eutectic point in the iron-iron carbide phase diagram occurs at __________ weight 
% composition of carbon. 

a) 0.022 
b) 0.77 
c) 2.11 
d) 4.30 
 

2. At what temperature does δ ferrite melt? 
a) 1674 F 
b) 1990 F 
c) 2541 F 
d) 2800 F 
 

3. What is the crystal structure of austenite upon heating? 
a) Body-centered cubic 
b) Face-centered cubic 
c) Hexagonal closely packed 
d) Body-centered tetrahedral 
 

4. At what temperature does eutectoid reaction occur? 
a) 418oC 
b) 666oC 
c) 723oC 
d) 928oC 
 

5. How much iron does cementite contain? 
a) 6.67% 
b) 24.23% 
c) 73.4% 
d) 93.3% 



Microstructures of iron - Theory 
 
Ledubrite 

Named for the German metallurgist A. Ledebur [1837–1906]), one of the principal 
structural constituents of iron-carbon alloys, primarily cast iron. 

 Ledeburite is a eutectic mixture   of austenite and cementite 
that forms at temperatures below 1145°C (for pure iron-carbon alloys).  

The austenite is converted into a ferrite cementite mixture at temperatures below   723°C. 
 In steels, ledeburite, consisting of austenite and carbides, is formed only in the presence 

of a very high content of alloy components and carbon (0.7–1.0 percent); such steels  
(for example,   high -speed steel) are called ledeburite steels. 

 
In iron and steel metallurgy, ledeburite is a mixture of 4.3% carbon in iron and is a 

eutectic mixture of austenite and cementite. Ledeburite is not a type of steel as the carbon level is 
too high although it may occur as a separate constituent in some high carbon steels. 
 

 
 
 



 
Ledeburite cementite – this is how Ledeburite cementite appears on the microscope. Cementite 

appears really similar to Leopard skin with a rounded shape. 

AUSTENITE 

 Austenite has a cubic-close packed crystal structure, also referred to as a face-centred cubic 

structure with an atom at each corner and in the centre of each face of the unit cell. Ferrite has a 

body-centred cubic crystal structure and cementite has an orthorhombic unit cell containing four 

formula units of Fe3C. 

.  
In situ observation of prior austenite grains at different austenitization temperatures on the Laser 

Scanning Confocal Microscopy (LSCM) (a) 1000 °C; (b) 1100 °C; (c) 1200 °C; and (d) prior austenite 
grain size and planar grain boundary (GB) length. 

 



Ferrite 
 

 The alpha phase is called ferrite., it is a common constituent in steels and has a Body Centred 
Cubic (BCC) structure [which is less densely packed than FCC]. 

 
 Alpha – iron refers only to the bcc form of pure iron that is stable below 912 deg C. 
  Ferrite is a solid solution of one or more elements in bcc iron.  
 The carbon solubility of ferrite depends on the temperature: the maximum being 0.02 % 

at 723 deg C.  
 Ferrite may precipitate from austenite in acicular form with certain cooling conditions. 

Ferrite is a very soft, ductile phase, although it loses its toughness below some critical 
temperature. ferrite is magnetic below 768 deg C. 

DELTA FERRITE 

 Delta-iron is the bcc form of pure iron that is stable above 1394 deg C to the melting 
point of 1538 deg C. 

  Delta ferrite is the stable high temperature solid solution of one or more elements in bcc 
iron. 

  Delta ferrite may be observed in as cast austenitic stainless steels, in some precipitation 
hardened stainless steels, in some martensitic stainless steels and in some tool steels.  

 Delta ferrite is usually considered detrimental to transverse toughness when it is present 
in a hardened structure.  

 Delta ferrite is not always detrimental. When austenitic stainless steels are welded, the 
weld metal’s composition is adjusted to produce a certain level of delta ferrite in the as 
cast structure to minimize the risk of hot cracking.  

 The delta ferrite forms in the last regions to solidify and has an interconnected dendritic 
appearance. 
 
 
 
 



Cementite 
 cementite has an orthorhombic unit cell containing four formula units of Fe3C. 
 It is a hard, brittle material, essentially a ceramic in its pure form. It forms directly from the melt in the 

case of white cast iron. In carbon steel, it either forms from austenite during cooling or 
from martensite during tempering.  

 Cementite contains 6.67% Carbon by weight; thus above that carbon content in the Fe-C phase 
system, the alloy is no longer steel or cast iron, as all of the available iron is contained in cementite.  

 Cementite mixes with ferrite, the other product of austenite, to form lamellar structures 
called pearlite and bainite. Much larger lamellae, visible to the naked eye, make up the structure of 
Damascus steel. 

  Fe3C is also known as cohenite, particularly when found mixed with nickel and cobalt carbides in 
meteorites. 

 Cementite is an intermetallic metastable compound of iron and carbon (iron carbide) with 
approximate formula Fe3C and an orthorhombic crystal structure. 

  This compound contains 6.67 % of carbon by weight. Some substitution of other carbide 
forming elements such as Mn or Cr is possible.  

 But only small amounts of the various carbide forming elements can be substituted before 
alloy carbides of other crystal structures and formulae are formed.  

 Cementite decomposes (very slowly, within several years) into ?- ferrite and C (graphite) 
at 650-700 deg C. 

 Cementite is hard but brittle and can strengthen steels. Its hardness is 800 HV for pure 
Fe3C and upto around 1400 HV for highly alloyed carbide.  

 Mechanical properties of steel depends on the microstructure, that is, how ferrite and 
cementite are mixed. 

 
 

 Microstructure shows a hypoeutectic cast iron with a higher carbon content of 3.8 %. The 
significantly larger proportion of eutectic matrix compared to pearlite is striking. In this 
case, the very fine, lamellar cementite can no longer be dissolved by light microscopy in 
the pearlite – it therefore appears dark as a single surface! 

 



CAST IRON 
A few common mechanical properties for cast iron include: 
 Hardness – material’s resistance to abrasion and indentation 
 Toughness – material’s ability to absorb energy 
 Ductility – material’s ability to deform without fracture 
 Elasticity – material’s ability to return to its original dimensions after it has been 

deformed 
 Malleability – material’s ability to deform under compression without rupturing 
 Tensile strength – the greatest longitudinal stress a material can bear without tearing apart 
 Fatigue strength – the highest stress that a material can withstand for a given number of 

cycles without breaking 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Need for the study of Microstructures of iron 

 The microstructure of a material (such as metals, polymers, ceramics or composites) 
can strongly influence physical properties such as strength, toughness, ductility, hardness, 
corrosion resistance, high/low temperature behaviour or wear resistance. Solid solution 
preparation  

 

Terminology used other than normal known scientific / engg. terms and their fundamental 
explanations / relations:  
 Ledeburite, cementite, ferrite, austenite, pearlite, iron carbides, lamellac 

structures,graphite flakes, nodular iron, 
 

Application & Behaviors of Microstructures of iron 

 
 

 
 

 



 
Test after completion 
1. If the iron surface contains graphite, it is known as ________ 

a) Alloy cast iron 
b) White iron 
c) Grey iron 
d) Spheroidal graphite 

 
2. Nodules of graphite are observed in the microstructure of _______ 

a. white cast iron 
b. malleable cast iron 
c. spheroidal cast iron 
d. all of the above 

 
3. Rosettes of tempered carbon in the matrix of ferrite are observed in the microstructure 
of _____ 

a. gray cast iron 
b. spheroidal cast iron 
c. malleable cast iron 
d. none of the above 

 
4. The mixture of α-ferrite and cementite is called as _______ 
              a. Ledeburite 

b. Pearlite 
c. Both a. and b. 
d. None of the above 

 
5. Austenite phase in Iron-Carbon equilibrium diagram  _______ 

           a. is face centered cubic structure 
b. has magnetic phase 
c. exists below 727 oC 
d. all of the above 



Summary 
 Cooling rate plays an vital role during the heatreatment or solidification of metals. 

 Faster cooling rates provides fine grain structures, leads to higher hardness and strength 

 Slower cooling rate provides larger grain structures, leads to reduced hardness and 

strength.. 

 .Ferrite- pearlite combination provides good strength and toughness. 

  Cementite and martensite provides more hardness and brittleness  
 

 Demo Videos 
 
 

https://www.youtube.com/watch?v=r5QEclmRf5I 
https://www.youtube.com/watch?v=aKM_EsZBLl8 
https://www.youtube.com/watch?v=qyEsuBpII2k 
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Assignment questions 

 
1. Draw the micro structure of austenite and mention its significance in heat treatment 

2. What is the micro structure of pearlite? Draw the microstructure of cementiite and mention 

its significant? 

3. What is meant by ferrite and mention its property? 

4. Differentiate between ledeburite and cementite ? 

5. Draw neatly the microstructures of cast iron family and mention its phases 

 
************************************************************************** 



Course Material 

Name of the Course  : Materials Engineering  
Name of the Unit  : Heat treatment of steel  
Name of the Topic  : Heat treatment of steels  
 

 Objectives:  
To recollect the basic concepts of different heat treatment methods for metals and 

alloys. 
 Outcomes:  

Upon successful completion, the student should be able to know about the various heat 
treatment technique to modify/alter the properties of metals and alloys based on the needs  

 Pre-test: To recall the basic knowledge of iron carbon system 

1. The melting point of iron (in oC) is? 

a) 768 

b) 1535 

c) 1410 

d) 910 

2. Iron-Carbon phase diagram is a ___________ 

a) Unary phase diagram 
b) Binary phase diagram 
c) Tertiary phase diagram 
d) Ternary phase diagram 

3. γ form of iron is? 
a) Magnetic 
b) Non magnetic 
c) Occurs below 768oC 
d) Occurs above 1410oC 

4. What is the maximum solubility of carbon in austenite at 1148oC? 

a)0.09% 
b)0.8% 
c)2.08% 
d) 14.35% 

 

5. Eutectoid product in Fe-C system is called 
 

a) Pearlite 
 

b) Bainite 
c) Ledeburite 
d) Spheroidite 

 

 



Heat treatment of steel - Theory 

 Heat treatment is a controlled process used to alter the microstructure of metals and alloys 
such as steel and aluminium to impart properties which benefit the working life of a 
component, for example increased surface hardness, temperature resistance, ductility and 
strength. 

 Heat treatment is defined as an operation involving the heating and cooling of a metal or 
an alloy in the solid-state to obtain certain desirable properties without change 
composition. 

Purpose of Heat Treatment of Steel 

The following are the purposes of heat treatment. 

1. To improve mechanical properties such as tensile strength, hardness, ductility, shock 
resistance and resistance to corrosion. 

2. Improve machinability. 

3. To relieve the internal stresses of the metal-induced during cold or hot working. 

4. To change or refine grain size. 

5. Improve magnetic and electric properties. 

6. Increase resistance to wear, and corrosion. 

7. To increase the surface hardness. 
 

Heat treatment consists of heating the metal near or above its critical temperature, held for a 
particular time at that finally cooling the metal in some medium which may be air, water, 
brine, or molten salts. The heat treatment process includes annealing, case hardening, tempering, 
normalizing and quenching, nitriding, cyaniding, etc. 

Types of Heat Treatment Processes 

Eight different types of heat treatment processes are as follows: 

1. Annealing 
2. Normalizing 
3. hardening 
4. Tempering 
5. Nitriding 
6. Cyaniding 
7. Induction Hardening 
8. Flame Hardening 



1. Annealing 

 

Annealing is one of the most important processes of heat treatment. It is one of the most widely 
used operations in the heat treatment of iron and steel and is defined as the softening process. 

Heating of from 30 – 50°C above the upper critical temperature and cooling it at the very slow 
rate by seeking it the furnace. The main aim of annealing is to make steel more ductile and 
malleable and to remove internal stresses. This process makes the steel soft so that it can be 
easily machined. 

Types of Annealing processes for steels 

1) Full annealing 
2) Process annealing 
3) Spheroidise annealing 
40 Stress relief annealing 

Full Annealing  

In this process, steel is heated to upper critical temperature and, then after achieving homogenous 
austenite, cooled slowly. Temperature requirement in case of hypo-eutectoid steel and hyper-
eutectoid steel is differently mentioned below; 



 

Full Annealing VS Isothermal Annealing 

This difference in temperature requirement is explained above in the microstructure development 
section. 

The heating rate is also a considerable factor in full annealing. Full annealing provides a softer 
structure with lower hardness and high ductility. With a slower heating rate, austenite size grows 
to a larger extent giving very coarse grains during cooling. This results in extremely lower 
hardness. Very coarse grains of pearlite and cementite can also be produced in case of higher 
austenitizing temperature and higher soaking time. After types of softening, we have studied the 
effect of austenitizing temperature on the grain size of the annealed structure and relation to 
mechanical properties.  

 



Purpose of Full Annealing 

 Refinement of grain size in hot-worked and as-cast steels; 

Hot-worked and as-cast steels have coarse microstructure. A coarse microstructure may also 
include the development of a widmanstatten microstructure. Only possible way to optimize the 
microstructure for finer pearlite. This can be possible with the help of the full-annealing process. 
In this process, steel with coarse microstructure or widmanstatten characteristics is heated fast to 
austenite temperature to achieve complete fine austenite. Then, from there, we use slow cooling 
to achieve a stress-free relatively finer microstructure having more hardness.  

 To relieve internal stresses 

We discussed in stages of softening, stresses remove with diffusion process and maximum 
stresses get removed even before we cross the A1 line. There are certain cases i.e. intricate 
shapes which require post-machining process, we needed to remove all possible type of stresses 
to reduce machining rejection rate. In those special cases, full-annealing is preferred. 

 Softening of Steel before Machining Process 

We discussed above; the machining process requires the removal of material with the use of 
tools. This removal process causes large stresses within the material. Chance of crack initiation 
increases if steel contains a large amount of residual stresses. 

 ·Removal of Micro-structural defects  

1.1 Purpose of Annealing 

 It softens steel and to improve its machinability. 

 To refine grain size and remove gases. 

 It removes the internal stresses developed during the previous process. 

 To obtain desired ductility, malleability and toughness. 

 It modifies the electrical and magnetic properties. 

1.2 Procedure for Annealing 

Depending on the carbon content, the steel is heated to a temperature of about 50° to 55°C above 
its critical temperature range. It is held at this temperature for a definite period of time depending 
on the type of furnace and nature of work. The steel is then allowed to cool inside the furnace 
constantly. 



1.3 Application of annealing 

It is applied to castings and forgings. 

Isothermal Annealing 

 

 

In full annealing, steel is heated above the A3 line and, then, cooled slowly. Although the 
process seems essential, but the time required for completion of the process is much making it 
uneconomical in certain cases. Isothermal annealing is considered a modified form of full 
softening. Mostly, for shorter and less intricate components, which usually are not prone to high 
internal stresses can be fully annealed by this process. You can see a difference in the picture 
given in the Full Annealing section. 

In Isothermal annealing, steel is heated above upper-critical temperature allowing 
for uniform austenitization of whole steel part. After that, the steel part is cooled rapidly 
below Al or eutectoid transformation line i.e. 600-700oC. For this rapid cooling, a separate 
furnace is used which is maintained at this temperature. From this temperature, steel is cooled in 
air. 

This process is suitable for post-machining components. In this process, since, slow 
cooling is effectively used only in the low-temperature region, time will be saved making the full 
annealing process very economical. Like the full annealing process, hyper-eutectoid steels are 
unable to process with this process.  



Diffusion Annealing 

 

As-cast structures usually contain various casting defects like dendritic structure, alloying 
elements segregation, and columnar grains caused inhomogeneous and relatively lower 
mechanical properties. These types of defects are more common in high plain carbon steel 
castings and high alloy steel castings.  

To alleviate these defects, process annealing is used. In this special type of diffusion annealing, 
steel casting is heated to sufficiently high temperature in the austenite region and hold there for 
10-20 hours. This soaking time at such high temperature is given for casing to allow for elements 
diffusion and removal of dendritic structure. After soaking casting is furnace cooled. We already 
discussed, in hyper-eutectoid steels, where there is a chance for the formation of cementite 
network in grain boundaries, the normalizing process is used instead of furnace cooling. 

Since, the steel part is heated to high temperature and retain there for 10-20 hours, chances 
of scale formation on steel surface are higher. This scale formation requires removal of the 
annealed surface after the process completion resulting in higher product cost.  

 Other than scale formation, grain coarsening is also encountered during this diffusion annealing 
process. With high-temperature holding, the coarsening of austenite grains takes place resulting 
in a coarse pearlite microstructure. Coarse pearlite microstructure gives lower mechanical 
properties. This problem is alleviated by the second low-temperature softening process for grain 
refinement or cold-working process. 

Higher heating temperature, higher holding time, scale formation, and removal of grain 
coarsening in steel castings make this process costly.  



Partial Annealing (Types of Annealing) 

The other name of partial annealing is inter-critical annealing. Inter-critical term indicates the 
region between upper-and lower-critical section of the phase diagram. It is mentioned 
Annealing microstructure development section, there are two regions i.e. hypo-eutectoid 
steels and hyper-eutectoid steels. This type of treatment is especially suitable for hyper-eutectoid 
steels. 

In partial annealing, steel is heated just above the A1 line and, then, slow cooling will be carried 
out. As we explained in microstructure development, partial annealing is preferred for high-
carbon steels as it results in fine pearlite and martensite instead of grain boundary brittle network 
of martensite.  

This types of annealing is also preferable for hypo-eutectoid steels which require the only 
improvement in machinability. With high temperature such as Above A1 line, all-grain 
become strain-free and reduces chances of cracking during machining. Since process temperature 
and time is less as compared to full annealing, so where possible, partial annealing is preferred 
over full annealing.   

In structures where coarse pearlite was present or widmanstatten ferrite, partial annealing 
becomes inefficient. In partial annealing, austenitic transformation is incomplete and cannot 
completely remove present widmanstatten structure. So, in these cases, full softening is 
preferred.  

Recrystallization Annealing 

Recrystallization annealing is a heat treating process used to modify the properties of cold-
worked metal.  This article discusses the reasons for preforming a recrystallization anneal, the 
metallurgical changes that take place within a metal during cold working and annealing, the 
effects of these metallurgical changes on the properties of metals, and the effects of annealing 
temperature and time on the final microstructure and properties of annealed metals. 

 



Many metal fabrication processes involve cold-working, such as cold rolling sheet and 
plate, wire drawing, and deep drawing.  Due to metallurgical changes that occur to a metal 
during cold working, the ductility of a metal decreases as the amount of cold-working increases.  
There comes a point when additional cold working is not possible without causing the metal to 
crack.  At this point, it is necessary to anneal the metal if continued cold-working is required. 

The specific annealing process used is called recrystallization anneal.  During this 
annealing process, metallurgical changes occur that returns the metal to its pre-cold-worked 
state.  These changes result in a reduction of the metal’s yield and tensile strength and an 
increase in its ductility, enabling further cold working.  In order for these changes to occur, the 
metal must be heated above its recrystallization temperature.  The recrystallization temperature 
for a particular metal depends on its composition. 

Metallurgical effects of cold working 

During cold-working there is an increase in the number of dislocations in a metal 
compared to its pre-cold-worked condition.  Dislocations are defects in the arrangement of atoms 
in a metal (discussed in Principles of Metallurgy).  The increase in the number of dislocations 
causes a metal’s yield and tensile strength to increase and its ductility to decrease.  After a 
certain amount of cold work, a metal cannot be cold worked further without cracking.  The 
amount of cold working that a particular metal can withstand before cracking depends on its 
composition and microstructure. 

Metallurgical effects of recrystallization anneal 

During a recrystallization anneal, new grains form in a cold-worked metal.  These new 
grains have a greatly reduced number of dislocations compared to the cold-worked metal.  This 
change returns the metal to its pre-cold-worked state, with lower strength and increased ductility. 

With continued time at the annealing temperature, some of the newly formed grains grow 
at the expense of neighboring grains.  There is some further decrease in strength and increase in 
ductility as the average grain size increases during the grain growth phase of the annealing 
process. 

The final grain size depends on the annealing temperature and annealing time.  For a 
particular annealing temperature, as the time at the temperature increases the grain size 
increases.  For a particular annealing time, as the temperature increases the grain size increases.  
A piece of metal with large grains has lower strength and more ductility than a piece of metal of 
the same alloy with smaller grains. 

The figure shows micrographs of a brass alloy that was cold-rolled to 50% of its original 
thickness and annealed at two different temperatures.  The figure on the left shows the 
microstructure of the cold rolled sample.  The center figure shows the microstructure of a sample 
that was cold rolled and then annealed at 1022 °F (550 °C) for 1 hour.  The figure on the right 
shows the microstructure of a sample that was cold rolled and then annealed at 1202 °F (650 °C) 
for 1 hour. 



 

The cold-rolled sample had a yield strength of 80 ksi (550 MPa).  The sample that was 
annealed at 1022 °F (550 °C) for 1 hour had yield strength of 11 ksi (75 MPa).  Many small 
grains are present in this sample.  The sample that was annealed at 1202 °F (650 °C) for 1 hour 
had yield strength of 9 ksi (60 MPa).  Fewer, large grains were present in this sample compared 
to the center sample. 

Other reason for recrystallization anneal 

In addition to enabling additional cold-working, recrystallization annealing is also used as 
a final processing step to produce metal sheet, plate, wire, or bar with specific mechanical 
properties.  Control of the annealing temperature and time, heating rate up to the annealing 
temperature, and amount of cold-working prior to anneal is important for obtaining the desired 
grain size, and therefore the desired mechanical properties. 

Process Annealing 

The word process used here indicates softening of this type is performed as a sort of 
intermediate step. Another name we can give to Process Annealing is intermediate 
recrystallization annealing.  

Process Annealing is used to treat work-hardened parts made out of low-Carbon steels (< 
0.25% Carbon). This allows the parts to be soft enough to undergo further cold working without 
fracturing. Process annealing is done by raising the temperature to just below the Ferrite-
Austenite region, line A1on the diagram. This temperature is about 727 ºC (1341 ºF) so heating it 
to about 700 ºC (1292 ºF) should suffice. This is held long enough to allow recrystallization of 
the ferrite phase, and then cooled in still air. Since the material stays in the same phase through 
out the process, the only change that occurs is the size, shape and distribution of the grain 
structure. This process is cheaper than either full annealing or normalizing since the material is 
not heated to a very high temperature or cooled in a furnace. 

During excessive mechanical working, several intermediate annealing processes are introduced 
to relieve stress. In these process annealing steps, recrystallization may or may not be fully 
completed. This differentiates recrystallization annealing from partial annealing.  



Parts that are fabricated by cold working like stamping, extrusion, rolling are frequently 
given this treatment.  

The temperature of process annealing is similar to recrystallization annealing.  

Spheroidizing (Types of Annealing) 

 

 Spheroidize annealing is applicable to steels which have more than 0.8% carbon. 

 Parts are heated to between 1150°F and 1200°F and holding it at this temperature for a period 
of time to convert the microstructure. Essentially, cementite changes from a lamella 
formation to an alpha ferrite matrix with particles of spheroidal cementite (Fe3C).  

 Spherodize annealing is generally done on parts which have been work hardened, to allow 
them to be further worked, either rolled in the case of coils, or drawn for wire.  

 This resulting product has improved ductility and toughness with reduced hardness and 
strength. Spherodize annealing is normally carried out under a protective (endothermic) 
atmosphere to prevent oxidation and decarburization. 

 This type of softening is performed to obtain maximum softness in steel structures 
particularly, in high alloy tool steels and high carbon steels.  

 The microstructure of spheroidized steel is coarse cementite globules along with the ferrite 
matrix.  

 medium carbon steel, 50% spheroidized microstructure and 50% lamellar microstructure is 
preferred for optimum properties.  

 Machine tools are important applications of Spheroidization. Good machining requires 
the following requirements to be fulfilled; 

1. Cutting Force and Speed 

2. Machined surface finish 



Cutting force and speed has an indirect relation. With higher cutting speed, the force 
generated is small. Steel which is machined using high cutting speed have good surface 
finish and results in better machinability. 

In the case of hardened steel, where hardness is dependent upon the fine structure and martensitic 
transformation, cutting force required is very high which automatically reduces the cutting speed 
of metal being machined.  

In the case of extremely soft steels, where long continuous turnings are generated in case of 
machining rather than continuous small chips. This results in poor machine surface and the 
quality of the machine resultantly is considered poor.  

So, we set the criteria here, medium level of toughness and hardness is important for better 
machinability.  

 

Annealing process for optimum Machinability 

In the case of annealed low carbon steel, hardness is very low. That’s why normalized low 
carbon steel provides an optimum level of hardness and toughness for machinability.  

In the case of medium carbon steel, hardness and toughness are already in balance in the 
annealed state. That’s why machinability in the annealed state is easier for medium carbon steel.  

In the case of high carbon steel, tool steels, bearing steel and other class of alloy steels, hardness 
is very high. Spheroidizing is carried out to produce globular cementite to make structure soft 
which provides optimum properties for machineability. 

Spheroidizing Transformation 

During spherodizing the cementite network is converted into spheroids due to prolong heating 
which is an ideal structure for machining and forming operations. The resultant microstructure 
has globules with the lowest energy as the ferrite and cementite interfacial areas are smaller 
forming a stable structure.  Spherodize annealing is a very slow process that is either performed 
by prolong heating just above the lower critical temperature or heating and cooling alternatingly 
above and below the lower critical temperature. 

Industrial Applications 

Some of the industrial applications of spheroidizing are listed below: 

 Machinable steel 
 Rail road tracks 
 Tyre cords 
 Bridge cables. 



Bright Annealing (Types of Annealing) 

Bright annealing is the annealing of stainless steel sheet and strip continuously in a controlled-
atmosphere furnace (depicted). The furnace atmosphere system includes an ammonia storage 
tank, a dissociator, and an adsorption dryer. 

In bright annealing, steel parts are softened in the presence of atmosphere to protect the surface 
and to retain the brightness of steel surface as it was before softening. Protective atmospheres 
that are used in furnace for steel surface protection are reducing gas atmosphere, argon, pure 
hydrogen, and nitrogen. 

Stress Relieve annealing 

Internal stresses exist in the parts after performing different operations and remain there even 
when the source has been removed. The operations which cause these internal or lock-in stresses 
include cold deformation operations, machining, fast heating, cooling, and solid-state phase 
changes during heat treatment, non-uniform cooling during casting, and expansion and 
contraction of welds.  

These residual stresses are lethal for the part when placed in the application as they result 
promote cracking, inter-crystalline corrosion, and change in dimensions or warping. To 
overcome these residual stresses stress relief annealing is performed after cold deformation, 
machining, hardening treatment, and forming operations. During stress relief annealing the part 
is heated below the lower critical line without altering the microstructure of the material. The 
heating initiates the plastic deformation in the elastic deformation regions which are a source of 
residual stresses relieving the stresses partially or completely without causing any dimensional 
change. 

2. Normalizing 

Normalising 

Normalising aims to give the steel a uniform and fine-grained structure. The process is used to 
obtain a predictable microstructure and an assurance of the steel’s mechanical properties. 

 



Benefits 

After forging, hot rolling or casting a steel’s microstructure is often unhomogeneous 
consisting of large grains, and unwanted structural components such as bainite and carbides. 
Such a microstructure has a negative impact on the steel’s mechanical properties as well as on 
the machinability. Through normalising, the steel can obtain a more fine-grained homogeneous 
structure with predictable properties and machinability. 

Application & materials 

Normalisation is mainly used on carbon and low alloyed steels to normalise the structure 
after forging, hot rolling or casting. The hardness obtained after normalising depends on the steel 
dimension analysis and the cooling speed used (approximately 100-250 HB). 

Process details 

During normalising, the material is heated to a temperature approximately equivalent to 
the hardening temperature (800-920°C). At this temperature new austenitic grains are formed. 
The austenitic grains are much smaller than the previous ferritic grains. After heating and a short 
soaking time the components are cooled freely in air (gas). During cooling, new ferritic grains 
are formed with a further refined grain size. In some cases, both heating and cooling take place 
under protective gas to avoid oxidation and decarburisation. 

TEMPERING 
Tempering is a technique that involves the use of heat to strengthen metals. This can be 

applied to almost all forms of ferrous alloys like cast iron and steel. With this process, these 
metals could achieve higher levels of toughness through the reduction of hardness. 

Decreasing the hardness of an alloy typically causes enhanced ductility, reducing the 
metal’s brittleness. Tempering is typically done post-quenching, in order to achieve ultimate 
hardness. This process is completed by controlling the heat of the quenched metal below the 
critical temperature. 

Tempering is mostly applied in steel with high carbon levels since these are the only 
materials allowed for tempering. It is a vital process since, when steel undergoes heating to the 
point where it glows red and is then immediately cleaned in water, it can become too hard and 
brittle. 

When the steel is allowed to cool very slowly, the result is steel that is more ductile, 
stronger, easier to file, cut and shape. It can also be more resistant to corrosion. 

 



 

 

Why Is Steel Tempered? 

Tempering steel after a hardening process allows for a middle ground of hardness and strength. 
This is achieved by allowing the carbon diffusion to occur within a steel microstructure. When 
steel is hardened, it can become excessively brittle and hard. However, when not hardened, the 
steel may not have the strength or abrasion resistance needed for its intended application. 
Tempering also improves the machinability and formability of a hardened steel, and can reduce 
the risk of the steel cracking or failing due to internal stresses. 

When Is Tempering Used? 

 Tempering is most commonly used following a quenching operation. Heating a carbon 
steel and rapidly quenching it can leave it too hard and brittle. Tempering it can restore 
some of its ductility. 

 Tempering can reduce the hardness and relieve the stress of a welded component. Welds 
can create a localized zone that has been hardened due to the heat of the welding process. 
This can leave undesirable mechanical properties and residual stress that can promote 
hydrogen cracking. Tempering helps prevent this. 

 Work hardened materials often require tempering. Materials can become work hardened 
through processes such as punching, bending, forming, drilling, or rolling. Work 
hardened materials have a high amount of residual stresses that can be alleviated through 
a tempering process. 



3. Hardening 

Hardening: The main aim of the hardening process is to make steel hard tough. In this process, 
steel is heated 30° – 40°C above the upper critical temperature and then followed by continues 
cooling to room temperature by quenching in water or oil. It is the opposite process of annealing. 

3.1 Purpose of Hardening 

 By hardening, it increases the hardness of steel. 

 To resist to wear 

 Allows the steel to cut other metals 

3.2 Procedure for Hardening 

The steel is heated above its critical temperature range. It is held at that temperature for a definite 
period of time. The steel is then rapidly cooled in a medium of quenching. 

The quenching medium is selected according to the degree of hardness desired. The air, water, 
bring, oils and molten salts are used as quenching mediums. A thin section such knife blades are 
cooled in air. Water is widely used medium but it results in the formation of bubbles on the 
surface of the metal. 

Hence brine solution is used to prevent this. Oil is used when there is a risk of distortion on 
cracks and is suitable for alloy steels. The molten salts are used to cool thin section to obtain 
crack-free and impact-resistant products. 

3.3 Application of Hardening 

It is applied for chisels, sledgehammer, hand hammer, centre punches, taps, dies, milling cutters, 
knife blades and gears. 

4. Tempering 

Tempering: When the hardening process hardens a steel specimen, it becomes brittle and has 
high residual stress. It is an operation used to modify the properties of steel hardened by 
quenching for the purpose of increasing its usefulness. 

Tempering or draw results in a reduction of brittleness and removal of internal strains caused 
during hardening. Steel must be tempered after the hardening process. 

The tempering is divided into three categories according to the usefulness of steel required. 

 Low-temperature tempering. 

 Medium temperature tempering. 

 High-temperature tempering. 

4.1 Purpose of Tempering 

 To relieve internally stressed caused by hardening. 

 To reduce brittleness. 

 Improve ductility, strength and toughness. 

 To increase wear resistance. 

 To obtain desired mechanical properties. 



4.2 Procedure for Tempering 

The steel after being quenched in the hardening process is reheated to a temperature slightly 
above the temperature range at which it is to be used, but below the lower critical temperature. 
The temperature here varies from 100°C to 700°C. 

The reheating is done in a bath of oil or molten lead or molten salt. The specimen is held in the 
bath for a period of time till attains the temperature evenly, the time depends on the composition 
and desired quality of steel. Now the specimen is removed from the bath and allow to cool 
slowly in still air. 

4.3 Application of Tempering 

It is applied to cutting tools, tool and gears, which are hardened by the hardening process. 

AUSTEMPERING 

 

Austempering is a heat treating process for medium-to-high carbon ferrous metals which 
produces a metallurgical structure called bainite. It is used to increase strength, toughness, and 
reduce distortion. Parts are heated to the hardening temperature, then cooled rapidly enough to a 
temperature above the martensite start (Ms) temperature and held for a time sufficient to produce 
the desired bainite microstructure. 

Benefits 

Austempering is a hardening process for metals which yields desirable mechanical properties 
including: 

 Higher ductility, toughness, and strength for a given hardness. 

 Resistance to shock 

 Reduced distortion, specifically with thin parts. 



Application & materials 

Austempering is primarily used to harden medium to high carbon steels in the range of 35-55 
HRC when toughness is required with the additional benefit of a reduction in distortion. The 
process is widely used in the automotive industry for clips and other parts where maximum 
flexibility and toughness are required. 

The range of austempering applications generally encompasses parts fabricated from sheet or 
strip of small cross section. Austempering is particularly applicable to thin section carbon steel 
parts requiring exceptional toughness. 

Austempering is most effective on medium to high carbon ferrous alloys and ductile iron 
castings, such as SAE 1045 to 1095, 4130, 4140, 5160, 6150 (C45 to C100, 25CrMo4, 
42CrMo4, 50CrV4) and for hardness requirements needed in between HRC 38-52. 

Process details 

Steel is austempered by: 

 Heating to a temperature within the austenitising range, usually 790°-915°C (1450 -1675°F). 

 Quenched in a bath (molten salt, or occasionally oil) maintained at a constant temperature, 
usually in the range of 260°-370°C (500-700°F). 

 Held for a time to allow transformation to a bainite microstructure. 

 Cooled to room temperature. 

Martempering/Marquenching 

Marquenching/Martempering is a form of heat treatment applied as an interrupted quench of 
steels typically in a molten salt bath at a temperature right above the martensite start temperature. 
The purpose is to delay the cooling for a length of time to equalise the temperature throughout 
the piece. This will minimise distortion, cracking and residual stress. 

 



Benefits 

Reduced cracking due to thermal stress. Reduced residual stress in the quenched part section for 
parts with varying geometry, size, or weight. 

Application & materials 

Since marquenching lowers the residual thermal stress, it is used for parts with complex 
geometries, diverse weights, and section changes. 

Marquenching is used primarily to minimise distortion and eliminate cracking. Alloy steels are 
generally more adaptable to marquenching. In general, any steel part or grade of steel responding 
to oil quenching can be marquenched to provide similar physical properties. 

Process details 

Marquenched parts are tempered in the same manner as conventional quenched parts. 

Steel is marquenched and tempered by: 

 Quenching from the austenitising temperature into a hot fluid medium at a temperature 
usually above the martensitic range; 

 Holding in the quenching medium until the temperature throughout the steel is substantially 
uniform; 

 Cooling at a moderate rate to prevent large differences between the outside and the centre of 
the section; and 

 Tempering in conventional fashion. 

Case Hardening or Surface Hardening 

The main aim of this process is to make the only external surface of steel hard and inner core 
soft. It is the process of carburisation i.e., saturating the surface layer of steel with carbon, or 
some other process by which case is hardened and the core remains soft. 

Purpose of Case Hardening 

 To obtain a hard and wear resistance to machine parts. 

 By case hardening, it obtains a tough core. 

 To obtain a higher fatigue limit and high mechanical properties in the core. 

 Carburising 

Carburising is a thermochemical process in which carbon is diffused into the surface of low 
carbon steels to increase the carbon content to sufficient levels so that the surface will respond to 
heat treatment and produce a hard, wear-resistant layer.  

There are three types of carburising commonly used: 

 gas carburising 
 liquid carburising (or cyaniding) 
 solid (pack) carburising 



  All three processes rely on the transformation of austenite into martensite on quenching. 
The increase in carbon content at the surface must be high enough to give a martensitic layer 
with sufficient hardness, typically 700HV, to provide a wear-resistant surface. The required 
carbon content at the surface after diffusion is usually 0.8 to 1.0%C. These processes can be 
carried out on a wide range of plain carbon steels, alloy steels and cast irons where the bulk 
carbon content is a maximum of 0.4% and usually less than 0.25%. Incorrect heat treatment can 
lead to oxidation or de-carburisation. Although a relatively slow process, carburising can be used 
as a continuous process and is suitable for high volume, surface hardening. 

 Gas carburizing 

 

In gas carburising, the component is held in a furnace containing an atmosphere of 
methane or propane with a neutral carrier gas, usually a mixture of N2, CO, CO2, H2 and CH4. At 
the carburising temperature, methane (or propane) decomposes at the component surface to 
atomic carbon and hydrogen, with the carbon diffusing into the surface. The temperature is 
typically 925°C and carburising times range from 2 hours for a 1mm depth case to a maximum 
of around 36 hours for a 4mm case. The quenching medium is usually oil, but can be water, 
brine, caustic soda or polymer. 

 Liquid carburising (or cyaniding) 

 In this process, steel is heated in the presence of sodium cyanide environment. Due to this, 
carbon and nitrogen atoms are deposited on the surface of steel and make it hard. 

 Purpose of Cyaniding 

This method is effective for increasing the fatigue limit of medium and small-sized parts such as 
gears, shafts, wrist pins etc. 

 To increase surface hardness. 

 Increase wear resistance. 

 To give the clean, bright and pleasing appearance to the hardened surface. 



 Produce for Cyaniding 

The parts to be treated is dipped in a molten cyanide salt bath maintained at a temperature of 
950°C. The molten salts used are sodium chloride, sodium carbonate, sodium cyanide and soda 
ash. 

The immersed article is left in the molten cyanide salt at a temperature of 950°C for about 15 to 
20 minutes. The decomposition of sodium cyanide yield nitrogen and carbon from carbon 
monoxide, which is diffused into the surface resulting in hardening the surface. The part is then 
taken out of the bath and quenched in water or oil. 

 Application of Cyaniding 

 It is applied to small articles like gears, bushing, screws, pins and small hand tools, which 
require a thin and hard wear-resisting surface. 

 

Liquid or cyanide carburising is carried out by placing the component in a salt bath at a 
temperature of 845 to 955°C. The salt is usually a cyanide-chloride-carbonate mixture and is 
highly toxic. The cyanide salts introduce a small amount of nitrogen into the surface which 
further improves its hardness. Although the fastest carburising process, it is suitable only for 
small batch sizes. 

 Solid (pack) carburizing 

 



In solid or pack carburising, the components are surrounded by a carburising medium and 
placed in a sealed box. The medium is usually coke or charcoal mixed with barium carbonate. 
The process is really one of gas carburisation since the CO produced dissociates into CO2 and 
carbon which diffuses into the components' surface. Temperatures are usually 790 to 845°C for 
times of 2 to 36 hours. Pack carburising is the least sophisticated carburising process and as a 
result remains a widely used method. 

 Carbonitriding 

Carbonitriding is undertaken on a similar range of steels although the bulk carbon content 
can be as high as 0.4 to 0.5%. The process is particularly suited for hardening the surface of 
components that need a through-hardened core, such as gears and shafts. Carbonitriding is a 
modification of gas carburisation where ammonia is added to the methane or propane and is the 
source of nitrogen. 

 

1. Atmospheric carburising 

Carburising is a case hardening process that introduces carbon into a solid ferrous alloy. This is 
accomplished by heating the metal in a carbonaceous atmosphere above transformation 
temperature for a pre-determined time. Subsequent to carburising, parts are quenched to harden 
the surface carburising layer. The core remains unaffected. 

It is a widely used surface hardening process for low carbon steel. The industrial importance of 
carburising is expressed in its market share, as one third of all hardening heat treatment is 
covered by carburising and hardening. 

Benefits 

Carburising and quench produce hard surfaces which are resistant to wear. Moreover, failure 
from impact loading is avoided due to a softer core. Unlike case hardening processes, this 
process is usually used for deep case depths. 



Application & materials 

. The unique combination of a hard wear resistant surface and a tough core can be controlled by 
the choice of alloy elements and process parameters. 

The steel pieces subjected to carburizing are often used in the mechanical and automotive 
industry. For example, in the motor vehicle manufacture or by machine parts those work for 
friction (as gears, supporting pin of axles, etc..). This type of treatment is done on fasteners such 
as screws, bolts, nuts and washers. Or in different types of tools such as: 

 Hand tools (e.g. circular saw blades, screwdrivers, etc..) 

 shear tools 

 Others (calipers, chain links, moulds etc..). 

Process details 

Carburising is a thermochemical diffusion process which adds carbon to the surface of a low 
carbon steel (typically 0.25% carbon) with other alloying elements. The carbon diffusion depth 
and the related effective case hardening depth (ECD) can vary from shallow, often less than 
2mm, to deeper depths of 4 to 6mm. 

 The total process is applied in three phases: 

 A thermochemical process in a chamber furnace with integrated quench to enrich the surface 
in a carbonaceous environment in a temperature range of 880 to 980°C. 

 Hardening is achieved after quenching either in oil, polymer/water solution or salt. 

 A tempering operation follows. Tempering temperature and time at heat depend on product 
requirement and application. The tempering process minimises peak stresses and reduces 
crack initiation. 

2. Low pressure carburising (LPC) / Vaccum Carburizing 

LPC is a case hardening process carried out in a vacuum furnace using hydrocarbon gases at very 
low pressure and elevated temperatures to obtain a hardened surface layer of tempered 
martensite and a tough core. The treatment is used to increase the wear resistance and fatigue life 
of components. 

 

 Flow controller can precisely control the flow rate such as ethylene and hydrogen in vacuum 
carburizing furnace. 

 In addition, uniformity of carburizing by measuring the exhaust pressure for the furnace with 
capacitance manometer VG-200 series, and it can contribute to higher productivity 



Benefits 
 The pitch to root ratio of the carburised layer (case depths) in gears is almost 1:1 

(uniform). 
 High hardness below the surface compared to conventionally carburised parts. 
 Faster cycle times. 
 Parts can be carburised between 930°C and 1000°C (1700° and 1830°F). 
 Penetration of carbon in deep blind holes resulting in uniform hardness on the entire 

profile. 
 Carburising of small holes and blind holes. 
 Avoidance of part cleaning after the heat treatment due to high pressure gas quenching 

(dry quench). 
 Reduction of dimensional alterations by temperature-independent heat transfer during 

high pressure gas quenching. 
 Enhanced mechanical properties – elimination of inter-granular oxidation layer, improved 

fatigue properties. 
 Dimensional control – low distortion, predictable and repeatable 
 Environmentally friendly 
 Reduced manufacturing steps such as post grinding, cleaning and inspection 
 Enhanced cleanliness of products 
 Precise control of case depth, microstructure and hardness 
 Better case depth uniformity for complex shapes. Case depth uniformity can be 

maintained within ±0.002” in most cases. 
Application & materials 
Typical applications of LPC include gears, shafts, axles, nozzles, injectors, spindles etc. 
Process details 
Low pressure carburising with high pressure gas quench is primarily used for transmission gears 
and diesel fuel injectors that require a uniform carburised layer on every surface of the part, with 
minimal dimensional movement. The process produces a very clean surface, thus eliminating 
further post cleaning of the part after heat treatment. 
5. Nitriding 

 



Nitriding is the process of the case or surface hardening in which nitrogen gas is 
employed to obtain hard skin of the metal. In this process, steel is heated in the presence of 
ammonia environment. 

Due to this, a nitrogen atom is deposited and makes material hard. Induction hardening 
and Flame hardening objects are heated by an oxy-acetylene flame. 

 Purpose of Nitriding 

 To harden the surface of the steel to a certain depth. 

 Increase resistance to wear and fatigue. 

 To increase corrosion resistance. 

 Procedure for Nitriding 

It is done in the electric furnace where temperature varying between 450° and 510°C is 
maintained. The part is well machined and finished and placed in an airtight container provided 
with outlet and inlet tubes through which ammonia gas is circulated. 

The container with the part is placed in the furnace and ammonia gas is passed through it while 
the furnace is heated. 

During the process of heating nitrogen gas is released from ammonia in the form of atomic 
nitrogen, which reacts with the surface of the part, and forms iron nitrate. 

The depth of entrance depends upon the length of time spent at the nitriding temperature. The 
part is taken out and it does not require any quenching or further heat treatment. 

Application of Nitriding 

 It is applied for hardening the surface of medium carbon alloy steels. 

Carbonitriding 

 

Carbonitriding is an austenitic (above A3) case hardening process similar to carburising, with the 
addition of nitrogen (via NH3 gas), used to increase wear resistance and surface hardness through 
the creation of a hardened surface layer. 



Benefits 

Carbonitriding is applied primarily to produce a hard and wear resistant case. The diffusion of 
both carbon and nitrogen increases the hardenability of plain carbon and low alloy steels, and 
creates a harder case than carburising. The carbonitriding process is particularly suited for clean 
mass production of small components. Due to the lower temperature required for the 
carbonitriding, compared to carburising, distortion is reduced. Mild quenching speed reduces 
the risk of quench cracking. 

Application & materials 

Austenitic carbonitriding is successfully applied to generally mass produced components, and 
those of smaller dimensions, where great resistance to wear is required and where the case depth 
requirements ranges from 0.1 to max 0.75 mm.  

Typical applications include: 
 gears and shafts 
 pistons 
 rollers and bearings 
 Levers in hydraulic, pneumatic and mechanical actuated systems. 

Primarily to improve wear resistance and fatigue strength of plain carbon steels. 

A wide variety of steels can be carbonitrided from plain carbon steels to mild steels (with 
reduced aluminium content), low alloy steels with max. 0.25% carbon, free cutting steels, and 
sintered steel. 

Process details 

(Austenitic) carbonitriding is a thermochemical treatment involving the incorporation of both 
carbon and nitrogen into the surface of the component, usually simultaneously. The process is 
carried out at lower temperatures, and generally for shorter times than carburising, and therefore 
components are less prone to distortion. The diffused nitrogen has a stabilising effect on 
austenite and lowers the critical quenching speed and, as a consequence, the hardenability of the 
steel. 

Less severe quenching media like oil, instead of water quenching needed for mild steel, can be 
applied for reducing distortion. 

Carbonitriding is usually carried out in a temperature range of 820-900°C in a gaseous 
atmosphere adding between 0.5 to 0.8% carbon and 0.2-0.4% (< 5%) nitrogen to the surface of 
plain carbon steel or low alloy steel. After diffusion time the components are directly quenched 
in oil. The attained case hardened depth (CHD) is usually not greater than about 0.7 mm and 
depends not only on carbonitriding depths, but also on the hardening temperature, the quench 
rate, the hardenability of the steel and the dimensions of the component. The heat treatment is 
completed by low temperature tempering between 150-200°C for the higher case depth range 
reducing brittleness and depending on tribological circumstances. 
 
 



Boriding 
Boriding is a thermochemical surface hardening method which can be applied to a wide 

range of ferrous, non-ferrous and cermet materials. The process entails diffusion of boron atoms 
into the lattice of the parent metal and a hard interstitial boron compound is formed at the 
surface. The surface boride may be in the form of either a single phase or a double phase boride 
layer. 

 
Benefits 

Boriding provides a uniform hardness layer from the surface on to the entire depth of the 
diffused layer. The hardness achieved is many times higher than any other surface hardening 
process. The combination of high hardness and low coefficient of friction enhance wear, 
abrasion and surface fatigue properties. Other benefits associated with boriding are retention of 
hardness at elevated temperature, corrosion resistance in acidic environment, reduction in use of 
lubricants and a reduced tendency to cold weld. 
Application & materials 

Boriding is carried out on most ferrous materials, with the exception of aluminium and 
silicon bearing steels, e.g. structural steels, case hardened, tempered, tool and stainless steels, 
cast steels, ductile and sintered steels and also air hardened steels. In addition, materials such as 
nickel-based alloys, cobalt-based alloys and molybdenum can be borided. Nickel alloy can be 
borided without sacrificing corrosion resistance, as well as producing extreme hard surface wear 
resistance. 
Steels which are not suitable for boriding are nitrided steels, leaded and resulfurised steels. 
Typical industries: 
Oil & gas, agriculture equipment, automotive, stamping, textile, extrusion and injection 
moulding. 
Typical parts: 

 Valve components – gates, seats, balls, stems, regulator valves 
 Pump components – impellor housings, bodies, plungers, cylinders 
 Agriculture equipment – harvesting combine cutters, separators, crop transfer, chopping 

components 
 Automotive – diesel engine oil pumps, gears 
 Stamping – dies, tooling 
 Textile – grooved drums 
 Extrusion and injection mould – moulding augers, barrels, die components 



Process details 
The process is a two step reaction. The first step reaction is between the boron yielding substance 
or compound and the part, which is a function of time and temperature. This results in a thin 
dense boride layer. This reaction is followed by diffusion, which is a faster process. 
 
Plasma nitriding/Ion nitriding 
Plasma nitriding (Ion nitriding) is a plasma supported thermochemical case hardening process 
used to increase wear resistance, surface hardness and fatigue by generation of a hard layer 
including compressive stresses. 

 

Benefits 

The advantages of gaseous nitriding processes can be surpassed by plasma nitriding. Particularly 
when applied to higher alloyed steels, plasma nitriding imparts a high surface hardness which 
promotes high resistance to wear, scuffing, galling and seizure. Fatigue strength is increased 
mainly by the development of surface compressive stresses. Plasma nitriding is a smart choice 
whenever parts are required to have both nitrided and soft areas. The possibility of generating a 
compound layer free diffusion layer is often used in plasma nitriding prior to PVD or CVD 
coating. Tailor made layers and hardness profiles can be achieved. 

Application & materials 

Typical applications include gears, crankshafts, camshafts, cam followers, valve parts, extruder 
screws, pressure-die-casting tools, forging dies, cold forming tools, injectors and plastic-mould 
tools, long shafts, axis, clutch and engine parts. Plasma nitriding and plasma nitrocarburising are 
often preferred to the corresponding gas processes if masking is required. 

Plasma nitriding is suitable for all ferrous materials, even sintered steels with higher porosity, 
cast iron and high alloyed tool steels even with chromium contents higher than 12%. Stainless 
steels and nickel based alloys can be plasma nitrided and keep most of their corrosion resistance 
if low temperatures are applied. Special applications are plasma nitriding of titanium and 
aluminium alloys. For heavy loads on large machine parts such as shafts and spindles, the use of 
special chromium and aluminium alloyed nitriding steels gives a huge benefit as plasma nitriding 
generates a surface hardness of more than 1000 HV. 



Process details 

Plasma nitriding/nitrocarburising is a modern thermochemical treatment which is carried out in a 
mixture of nitrogen, hydrogen and an optional carbon spending gas. In this low pressure process, 
a voltage is applied between the batch and the furnace wall. A glow discharge with a high 
ionisation level (plasma) is generated around the parts. On the surface area that is directly 
charged by the ions, nitrogen-rich nitrides are formed and decompose, releasing active nitrogen 
into the surface. Due to this mechanism shielding is easily done by covering the concerning areas 
with a metal blanket. Plasma nitriding allows modification of the surface according to the desired 
properties. Tailor made layers and hardness profiles can be achieved by adapting the gas 
mixture: from a compound layer-free surface with low nitrogen contents up to 20 microns thick, 
to a compound layer with high nitrogen contents and an add-on of carbonic gas (plasma nitro-
carburation). The wide applicable temperature range enables a multitude of applications, beyond 
the possibilities of gas or salt bath processes. 

FLAME HARDENING 

1. Introduction to Flame-Hardening: 
It is a surface-hardening process in which a thin surface section of a component of 

hardenable steel is heated rapidly by direct application of high temperature flame to a 
temperature above its upper critical temperature (i.e., it is austenitised), and then the component 
is quickly quenched in water or oil, transforming austenite to martensite, while core remains in 
original soft state, normally consisting of ferrite-pearlite structure. 

The high temperature flame is obtained by the combustion of a fuel gas with oxygen or 
air. There is no change in composition of the steel and therefore, the flame- hardened steel (as in 
induction-hardening) must have adequate carbon content for the desired surface hardness (i.e., 
must be a hardenable steel). The hardened depth could be between 0.8 to 6 mm, or even more, 
depending on the fuel gas, air or oxygen, design of flame head, duration of heating, hardenability 
of steel, quenching medium and method of quenching. 

The rate of heating and the conduction of heat into the interior appear to be more 
important in establishing case depth than having a steel of high hardenability. Fig. 8.74 illustrates 
the hardness gradients obtained by various rates of flame travel across a 1050 steel forging. It is 
apparent, slower the rate of travel, the greater the heat penetration, and the depth of hardening. 
Larger rolls have case depths up to 13 mm. 

 
 

 

 

 

 

 



The main aim of flame-hardening is to obtain a high hardness and wear resistance of the surface, 
without effecting the reasonable toughness of unhardened core. It also improves fatigue, bending 
and torsional strength. 

2. Methods of Flame-Hardening: 
The method of flame-hardening depends on the shape, size, composition of the component, area 
to be hardened, depth of hardened-case desired, number of components to be hardened. 

The methods are: 
1. Manual Hardening: 
In this method, the local heating of selected area is done by hand with a welding torch, or a 
suitable flame head to the hardening temperature, and is then quenched in water or oil. The flame 
head could be either a single orifice, or a multiple orifice depending on the area to head, uniform 
temperature can be ensured over the entire surface to be hardened A spray quench may be used 
for hardening. 

2. Spinning Method: 
This method is suitable for components having rotational symmetry-round or even semi-round 
components such as wheels, cams, and gears. The component is put on a horizontal rotating table 
(Fig. 8.75 a), or put on a lathe with vertical rotation (Fig. 8.75 c), or one or more water cooled 
rotating flame heads (Fig. 8.75 b) equal to the width of the surface to be heated are used. For 
case illustrated in Fig. 8.75 c (i), there could be two methods. 

 
In the first method, the component rotates at a slow peripheral speed of about 2 mm per second. 
Oxy-acetylene flame head having width equal to the whole area is used to heat which then, is 
immediately quenched, i.e., whole area is hardened in only one revolution. In this method, a soft 
band several millimeter wide at the junction of two bands hardened first and the last forms. 

The second method avoids this draw back where the whole surface of the component is heated 
uniformly by rapidly rotating the component, and then quench whole of it quickly. This method 
consumes more gases 

The spindle is rotated with 1 revolution per second and heating may take several minutes. Gears 
with modules up to 5 can be thus, spin hardened. The quenching may be done by sprays from all 
sides, or by immersing in a quench tank. A multiflame annular torch head can also be used to 
heat the part (Fig. 8.75 c). 

 



3. Progressive Hardening: 
This method is used to harden large areas which cannot be easily hardened by manual method. 
The flame head is usually of multiple orifice type, and the quenching facility may be either 
integrated with flame head (Fig. 8.76), or may be separate. 

The flame head and the cooling spray is moved over the surface to be heated. The rate of 
movement is 0.8-5 mm/sec. with oxy-acetylene torch depending mainly on the depth of 
hardening required. The tip of the inner cone of the flame is kept only a few mm away from the 
component surface. The heated part is’ subsequently quenched. 

4. Progressive Spin Hardening: 
This method is commonly used for long parts such as shafts and rolls. Here progressive 
hardening is combined with spin hardening (Fig. 8.77) i.e., the component rotates as well as 
moves axially. The rotation speed is around 3-12″/minute), but the flame heads traverse the roll 
or shaft from one end to the other. The speed of rotation and axial motion are important for 
getting uniform hardened layer. 

The rotation of the component throws water tangentially, and the higher speeds may interfere 
with the heating up process. But at low speeds soft spiral bands may form. After progressive 
heating, quench jets cool the heated section. 

 
 

3. Operating Variables for Flame-Hardening: 
The skill of the operator is the main factor in the success of the flame hardening. 

The other main operating variables to be skillfully controlled are: 
(i) The distance between inner cone of the flame and the surface of the component. 
(ii) The speed of travel of the flame-head or the component. 
(iii) Oxygen to fuel gas ratio in the mixture. 
(iv) Flame velocities. 
(v) Type, and angle of the quench. 
 
 



4. Gases Used for Flame-Hardening: 
The gas mixture used for heating is a mixture of oxygen (or air) and a combustible gas usually 
acetylene, natural gas (methane), or propane. Table 8.16 illustrates flame temperatures of some 
of these mixtures used. While selecting a gas for an application, the required rate of heating and 
the cost of the gas must be considered. For smaller depths (less than 3.2 mm), oxy-fuel gas 
mixture is used as it has high flame temperatures, and normally oxy-acetylene is used. 

 
For deeper cases, air-fuel gas mixture is used as these give lower flame temperatures. 

Although flame hardening does not change the composition of the steel surface, still better 
results are obtained if a neutral, or a slightly carburising flame is used. 

Care should be taken that oxy-acetylene flame localises the heat and helps to get thin 
cases, but overheating of the surface may occur. Air-fuel gas mixture eliminates the overheating 
but may result in thicker case-depths than desired. But it can also be controlled by using steels 
with shallow hardenabilities. 

5. Steels for Flame-Hardening: 
The hardness of the flame hardened case is a function of the carbon content of the steel, 

and thus can range up to 65 HRC. Ideal steels for flame hardening have carbon 0.4 to 0.5%. Mn 
is a very potent element to increase the hardenability of the steels, and thus, its presence 
increases the depth of hardening as it reduces the critical cooling rates. 

Mn and free-cutting steels are considered excellent for flame hardening. Rather when 
hardening depths are required beyond the capabilities of the plain carbon steels (with 0.60-0.90% 
Mn), higher amounts of Mn up to 1.4% can be used efficiently. However, increased hardenability 
may lead to cracking problems, particularly when the steels are water quenched. 

All those steels which can be induction hardened are flame hardened. Higher carbon 
content can cause quench cracks, which can be reduced or avoided, if flame hardening is done 
skillfully. Table 8.14 gives composition of steels which are flame hardened. As the dissolution of 
alloy carbides in austenite during the short period of flame heating and their diffusion to become 
uniformly present is difficult, it is the plain carbon steels which are mainly flame hardened. Very 
finely dispersed carbides are able to dissolve and help in increasing the hardenability of the 
steels. 

Even in plain carbon steels, as in induction hardening, the microstructure of the steels 
should be very fine before flame hardening is done. Quenched and tempered steels resulting in 
sorbitic structure, when flame hardened attain maximum hardened case depth. 



The presence of finely dispersed alloy carbides, increase the case depth. For a fixed 
composition of steel, when cooled at a certain rate, the heating up time and intensity of heat are 
quite decisive factors. As oxy-acetylene helps to attain the hardening temperature rapidly than 
other mixtures, it gives much more sharply defined depth of hardening. 

Overheating and the resulting oxidation is quite common if not controlled properly. 
Copper, if present gets segregated, melted and can diffuse along grain boundaries to cause 
surface cracking under tensile stresses. 

6. Applications of Flame-Hardening: 
 
Flame-hardening is used because: 

 Parts are very large, making conventional heating and quenching impracticable, or 
uneconomical, such as large gears, rolls, etc. 

 Only a small region of the component needs heat treatment, or if the whole surface is 
heated, it may be detrimental to the function of the part, such as wearing surfaces of cams. 

 Exact dimensions or its control is impracticable or difficult by normal through hardening. 
For example, flame hardening of teeth of very large gears shall not disturb the dimensions 
of gears. 

 Cheaper steels could be used if flame hardened. Also the parts are hardened with little 
oxidation and decarburisation. 

7. Advantages and Disadvantages of Flame-Hardening: 

 The process is simple. 

 A large number of steels could be flame-hardened. 

 Flame hardening can be done of any shape, like flat, circular, irregular shapes, etc. 

 Very large forgings and castings can be flame hardened where other methods, even 
induction hardening fails or are uneconomical. 

 Mass distortion is absent. 

 The equipment cost is much less than for induction hardening. 

 It is faster than carburising or nitriding etc. 

 The flame could be directed to harden sections deep inside components. 

 Wider depth of hardening can be obtained. 

 It is cheaper if only a few parts are to be surface hardened as compared to induction 
hardening. 

 Selective hardening is easily obtained. 

 Cheaper steels could be used. 

 
 
 
 



Disadvantages: 

 It is difficult to control exactly the temperature of heating of the component. 

 Overheating of surface layers may take place. 

 As coarse martensite (due to overheating) may be present, the quality of case is relatively 
poor. 

 The cost per piece on a mass scale production is higher than in the induction hardening. 

 It is difficult to adjust the case depth exactly. 

 Explosive fuel gases have to be used cautiously. 

 Some oxidation or decarburisation may occur as compared to induction hardening. 

What is Induction Hardening? 

 

Induction hardening is a method of quickly and selectively hardening the surface of a 
metal part. A copper coil carrying a significant level of alternating current is placed near (not 
touching) the part. Heat is generated at, and near the surface by eddy current and hysteresis 
losses. Quench, usually water-based with an addition such as a polymer, is directed at the part or 
it is submerged. This transforms the structure to martensite, which is much harder than the prior 
structure. 

A popular, modern type of induction hardening equipment is called a scanner. The part is 
held between centers, rotated, and passed through a progressive coil which provides both heat 
and quench. The quench is directed below the coil, so any given area of the part is rapidly cooled 
immediately following heating. Power level, dwell time, scan (feed) rate and other process 
variables are precisely controlled by a computer. 

Typical Induction Hardening Materials 

 



Typical materials include: 

 1045 
 1141 
 1144 
 4140 
 4340 
 ETD150 
 Cast Irons 

Benefits of Induction Hardening 

Increased Wear Resistance 
There is a direct correlation between hardness and wear resistance. The wear resistance of 

a part increases significantly with induction hardening, assuming the initial state of the material 
was either annealed, or treated to a softer condition. 

Increased Strength & Fatigue Life due to the Soft Core & Residual Compressive Stress at 
the Surface 

The compressive stress (usually considered a positive attribute) is a result of the hardened 
structure near the surface occupying slightly more volume than the core and prior structure. 

Parts may be Tempered after Induction Hardening to Adjust Hardness Level, as desired 
As with any process producing a martensitic structure, tempering will lower hardness 

while decreasing brittleness. 

Deep Case with Tough Core 
Typical case depth is .030” - .120” which is deeper on average than processes such as 

carburizing, carbonitriding, and various forms of nitriding performed at sub-critical 
temperatures. For certain projects such as axels, or parts which are still useful even after much 
material has worn away, case depth may be up to ½ inch or greater. 

Selective Hardening Process with No Masking Required 
Areas with post-welding or post-machining stay soft - very few other heat treat processes 

are able to achieve this. 

Relatively Minimal Distortion 
Example: a shaft 1” Ø x 40” long, which has two evenly spaced journals, each 2” long 

requiring support of a load and wear resistance. Induction hardening is performed on just these 
surfaces, a total of 4” length. With a conventional method (or if we induction hardened the entire 
length for that matter), there would be significantly more warpage. 

Allows use of Low Cost Steels such as 1045 
The most popular steel utilized for parts to be induction hardened is 1045. It is readily 

machinable, low cost, and due to a carbon content of 0.45% nominal, it may be induction 
hardened to 58 HRC +. It also has a relatively low risk of cracking during treatment. Other 
popular materials for this process are 1141/1144, 4140, 4340, ETD150, and various cast irons. 



Limitations of Induction Hardening 

Requires an Induction Coil and Tooling which relates to the Part’s Geometry 

Since the part-to-coil coupling distance is critical to heating efficiency, the coil’s size and 
contour must be carefully selected. While most treaters have an arsenal of basic coils to heat 
round shapes such as shafts, pins, rollers etc., some projects may require a custom coil, 
sometimes costing thousands of dollars. On medium to high volume projects, the benefit of 
reduced treatment cost per part may easily offset coil cost. In other cases, the engineering 
benefits of the process may outweigh cost concerns. Otherwise, for low volume projects the coil 
and tooling cost usually makes the process impractical if a new coil must be built. The part must 
also be supported in some manner during the treatment. Running between centers is a popular 
method for shaft type parts, but in many other cases custom tooling must be utilized. 

Greater Likelihood of Cracking Compared to most Heat Treatment Processes 

This is due to the rapid heating and quenching, also the tendency to create hot spots at 
features/edges such as: keyways, grooves, cross holes, threads. 

Distortion with Induction Hardening 

Distortion levels do tend to be greater than processes such as ion or gas nitriding, due to 
the rapid heat/quench and resultant martensitic transformation. That being said, induction 
hardening may produce less distortion than conventional heat treat, particularly when it’s only 
applied to a selected area. 

Material Limitations with Induction Hardening 

Since the induction hardening process does not normally involve diffusion of carbon or 
other elements, the material must contain enough carbon along with other elements to provide 
hardenability supporting martensitic transformation to the level of hardness desired. This 
typically means carbon is in the 0.40%+ range, producing hardness of 56 – 65 HRC. Lower 
carbon materials such as 8620 may be used with a resultant reduction in achievable hardness (40-
45 HRC in this case). Steels such as 1008, 1010, 12L14, 1117 are typically not used due to the 
limited increase in hardness achievable 

Vacuum heat treatment 

A theoretical or ideal vacuum is an empty space that does not contain either vapours, 
particles, gases or other matter, and as a consequence has no absolute pressure. Because this 
condition does not exist, even in outer space, an ideal vacuum cannot be achieved. 
Normally when the term vacuum is used it refers to an absolute pressure below that of a normal 
atmosphere. Normal atmospheric pressure is 14.7 lb/sq in, commonly termed 1 Bar. Nowadays 
vacuum gauges measure pressures in millibars (mbar) where 1000 mbar = 1 Bar. For use in 
vacuum heat treatment operating pressures are classified as: 

 Rough vacuum: 100mbar to 10-1mbar 
 Fine vacuum: 10-1 to 10-4mbar 
 High vacuum: less than 10-4mbarMost vacuum heat treatment is carried out in fine to 

high vacuum. 
 



With the development of vacuum technology it has become possible, by means of an array of 
roughing pumps, rotary pumps and diffusion pumps, to progressively evacuate a furnace 
chamber to high vacuum conditions, reducing the available oxygen to miniscule levels. The 
resulting environment is unreactive, even to alloys of titanium which are especially prone 
to oxidation. For all grades of steel, including those requiring high temperature austenitisation, 
such as high speed steels at 1320°C and all nickel alloys, vacuum heat treatment is the optimum 
method. 

For those alloys which require quenching for hardening, such as steels, or quenching during 
solution treatment, such as some nickel alloys and stainless steels, integral quench systems have 
been developed based upon oil or inert gas. Various quenching rates can be obtained by 
delivering the inert gas to the furnace chamber at a pressure of up to 20 bar. Provision is made in 
some furnaces for alternating the direction of flow of the quenching gas from top to bottom of 
the furnace load and the reverse. Thus, steels of relatively low hardenability, such as low alloy 
engineering steels can be fully hardened. Since the work pieces remain stationary in the furnace 
chamber throughout heating and quenching there is no risk of component damage due to work 
movement at high temperatures. 

Multi zone heating is provided by electrically heated elements surrounding the furnace chamber. 
The elements are made of graphite or high nickel alloys and the furnace chamber is surrounded 
by heat shields made from molybdenum and backed by stainless steels and insulating media such 
as ceramics. Temperature uniformity throughout the furnace chamber can be controlled to very 
tight limits, +/- 2°C at temperatures of 1300 – 1350°C. 

Vacuum heat treatment is the cleanest and most environmentally friendly of all hardening 
methods and, as the size of furnaces has increased and computerised process controls are now 
standard, treatment economics are increasingly attractive. Tempering following hardening can be 
carried out in vacuum furnaces evacuated to low pressures, using roughing and rotary pumps 
only, since the risk of oxidation is less due to the lower temperatures employed. 

VACUUM HADENING 

 

 

 



Process Features 
 Bright, clean work – no scale or oxidation 
 Low distortion 
 Power used only during processing 
 No dangerous gas atmosphere 
 No expensive salt disposal 
 No exposure to hot or live items 
 Excellent reproducible results 
 Fully automatic cycles 
 Environmentally clean 

Problem 
Salt baths and furnaces with air or protective atmospheres all produce hardened work 

with some degree of surface scaling or oxidation. 
Minimisation of distortion in these types of furnace is also difficult to control and occurs through 
a number of causes: thermal shock due to plunging components into molten salt baths, plastic 
deformation occurring when parts are transferred to a quench tank, distortion caused by general 
handling during the hardening process. 
Solution 

Components heat treated through vacuum furnaces are carefully loaded at room 
temperature into the chamber. They are supported on ceramic, graphitic or heat resisting steel 
grids, plates, baskets or specially designed fixtures depending on the shape and complexity of the 
part. 
The furnace is evacuated with vacuum pumps to operating pressure. This is commonly low 
vacuum (10-2 mbar range) for tool and high speed steels, higher vacuum levels (10-4mbar range) 
are used for materials more difficult to keep clean and bright, titanium for example. When the 
correct vacuum level has been achieved the charge is heated at a controlled rate to the preheat 
temperature. 

With heavy sectioned parts and complicated shapes a number of intermediate preheats are 
used before the austenitising temperature is reached. Because the heat transfer is less efficient in 
vacuum furnaces, lower temperatures and longer times are often employed. This reduces the risk 
of insipient melting and excessive grain growth, both problems encountered when heat treating 
high speed steels in salt baths. 

After the correct soak time the load is rapidly cooled (quenched) using nitrogen gas to 
transfer the stored heat in the components to a water cooled heat exchanger. 

The pressure of the cooling gas can be controlled up to 6 bar. Speed of quench increases 
with greater gas pressures. 

The bright, clean, shiny finish obtained on machined parts after vacuum hardening means 
that the surface suffers no decarburisation, oxidation or discoloration. Critical items may be 
machined and ground to almost final dimensional tolerances before heat treatment. The resulting 
components are cheaper to manufacture, have less inherent distortion and commonly exhibit 
superior metallurgical properties over parts processed through other types of furnace 



PLASMA HARDENING 

 

Need for the study of Heat treatment of steel 

 To relieve internal stresses, which are set up in the metal due to cold or hot working . 
 To soften the metal. 
 To improve hardness of the metal surface. 
 To improve machinability. 
 To refine grain structure 
 To improve mechanical properties like tensile strength, ductility and shock resistance, etc. 
 To improve electrical and magnetic properties. 
 To increase the resistance to wear, tear, heat and corrosion, etc. 

 
Classification of Heat treatment of steel 

 
 
 



Terminology used other than normal known scientific / engg. terms and their fundamental 
explanations / relations:  
 Annealing, Normalising, tempering, Isothermal transformation, austempering, 

martempering, Case hardening,  
Applicaion of various Heat treatment techniques   

 

As an example of the benefits of annealing, landing gear for the Boeing F/A-18 A-C aircraft is 
manufactured from 300M. (U.S. Navy / Wikipedia) 

 



  

Stamping – Process annealing 

 

The cold-rolled sample had a yield strength of 80 ksi (550 MPa).  The sample that was annealed at 
1022 °F (550 °C) for 1 hour had yield strength of 11 ksi (75 MPa).  Many small grains are present in 
this sample.  The sample that was annealed at 1202 °F (650 °C) for 1 hour had yield strength of 9 ksi 
(60 MPa).  Fewer, large grains were present in this sample compared to the center sample. 



Test after completion 

1. For steel, which one of the following properties can be enhanced upon annealing? 

a) Hardness 

b) Toughness 

c) Ductility 

d) Resilience 

2. In Annealing, cooling is done in which of the following medium? 

a) Air 

b) Water 

c) Oil 

d) Furnace 

3. In normalizing, cooling is done in which of the following medium? 

a) Air 

b) Water 

c) Oil 

d) Furnace 

4.. Mild steel can be converted into high carbons steel by which of the following heat 
treatment process? 

a) Annealing 

b) Normalizing 

c) Case hardening 

d) Nitriding 

5. Which of the following processes will one use on hardened steel to reduce brittleness? 

a) Annealing 

b) Normalizing 

c) Spheroidizing 

d) Tempering 

 



Summary 

 Discussed about various  heat treatment process for the metals 

 In that Various types of annealing processes and the benefits of  Annealing were discussed   

 Difference between annealing and tempering and normalizing were discussed in detail.. 

 .Microstructure development in the Fe C alloys and real time heat treatment process based 

on CCT were discussed. . 

  And finally the various surface heat treatment techniques were discussed in detail. 

 

 Demo Videos 
 
https://www.youtube.com/watch?v=Rm-i1c7zr6Q 
https://www.youtube.com/watch?v=PxNVUejRA0Q 
https://www.youtube.com/watch?v=C0GINDPG8Ns 
https://www.youtube.com/watch?v=wOv3i0eoo0Q 
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Assignment questions 

 1. Define the term annealing and classify in detail? 

2.  What is the difference between the annealing, tempering and normalizing processes? 

3.  Explain the CCT in detail? 

4. What is meant by surface treatment of steel and classify in detail? 

5. Explain detail about any two case hardening techniques for steel? 

 

************************************************************************** 



Course Material 

Name of the Course  : Materials Engineering  

Name of the Unit  : Metals and Alloys 

Name of the Topic  : Properties of Steels and cast irons 
 

 Objectives:  
To recollect the basic concepts of the properties of different steels and cast irons 

 Outcomes:  
Upon successful completion, the student should be able to recall/regain the 

properties and applications of different steels and cast irons..  
 Pre-test:  

To recall the basic knowledge of Steel and cast iron 
 

1. Which of the following is an alloy of iron and carbon? 
a) Steel 
b) Brass 
c) Bronze 

d) Solder 

 
2. Which of following crystalline form can iron not take? 

a) BCC 
b) FCC 
c) HCP 

d) It can take all crystalline forms 

 
3. Which of the following can be the carbon weight percentage in steel? 

a) 2% 
b) 5% 
c) 3% 

d) 4% 
 

4. At room temperature which is the most stable form of iron? 
a) Pearlite 
b) Ledeburite 
c) Martensite 
d) α-iron 
 

5. When steel with exactly 0.8% carbon by weight is cooled, the FCC structure of the 
mixture tries to revert back to its BCC structure. 

a) True 

b) False 



Properties of steels and cast irons – Theory 
 
 Alloying of steel is steel alloyed with several elements such as molybdenum, manganese, 

nickel, chromium, vanadium, silicon, and boron. These alloying elements are added to 
increase strength, hardness, wear resistance, and toughness. The amounts of alloying 
elements may vary between 1 and 50%. 

 Material science and engineering plays a vital role in this modern age of science and 
technology. Various kinds of materials are used in industry, housing, agriculture, 
transportation, etc. to meet the plant and individual requirements. 

 The knowledge of materials and their properties is of great importance for a design engineer 
 A design engineer must be familiar with the effects which the manufacturing processes and  

heat treatment have on the properties of the materials. 

The engineering materials are mainly classified as 

 Metals and their alloys, such as iron, steel, copper, aluminium etc. 
 Non-metals such as glass, rubber, plastic etc. 

Metals may further be classified as- 

Ferrous metals:  

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

 Non-ferrous metals. 

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

Physical properties 

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

 Physical properties include. 

a) Dimensions, 
b) Appearance, 
c) Colour, 
d) Density, 
e) Melting point, 
f) Porosity, 
g) Structure, etc. 

Dimensions 

Dimensions of a material implies it’s size (length, breadth, width, diameter, etc.) and 
shape(square, circular, channel, angle section, etc.) 



Appearance 

 Metals themselves have got different appearances e.g., aluminium is a silvery white metal 
where as copper appears brownish red. 

 Appearance include lusture, colour and finish of a material. 

 Lusture is the ability of a material to reflect light when finely polished. It is the brightness 
of a surface. 

Colour 

 The colour of the material is very helpful in identification of a metal. The colour of a 
metal depends upon the wavelength of the light that the material can absorb. 

Density 

 The density is the weight of unit volume of a material expressed in metric units. 

 Density depends to some extent on the 

a) Purity of material 

b) Pour volume 

c) Treatment, the material has received. 

 Density helps differentiating between light and heavy metals even if they have same 
shape and any outer protective coating. 

Melting point 

 Melting point of a material is that temperature at which the solid metals change into 
molten state. 

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

Porosity 

 A metal is said to be porous if it has pores within it. 

 Pores can absorb lubricant as in a sintered self-lubricating bearing. 

 It is the ratio of total pore volume to bulk volume 

Structure 

 It means geometric relationships of material components. 

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

Chemical properties 

 A study of chemical properties of materials is necessary because most of engineering 
materials when they come in contact with other substances with which they can react, 
tend to suffer from chemical deterioration. 

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

 



 Some of the chemical properties are 

1. corrosion resistance 

2. chemical composition 

3. acidity or alkalinity 

Corrosion 

 It is the deterioration of a material by chemical reaction with its environment. 

 Corrosion degrades material properties and reduces economic value of the material. 

 Corrosion attacks metals as well as non-metals. Corrosion of concrete by sulphates in 
soils is a common problem 

Performance requirement 

 The material of which a part is composed must be capable of embodying or p for example 
– a component part to be used in a furnace must be of that material which can withstand 
high temperatures. 

 While it is not always possible to assign quantitative values to these functional 
requirements, they must be related as precisely as possible to specified values of most 
closely applicable mechanical, physical, electrical or thermal properties. 

Material’s reliability 

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

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

Safety 

A material must safely perform its function, otherwise, the failure of the product made out of it 
may be catastrophic in air-planes and high pressure systems. As another example, materials that 
gives off spark when struck are safety hazards in a coal mine. 

Characteristics of ferrous materials: 

 Ferrous materials are metals or metal alloys that contain the iron as a base material. 
 Steel is a ferrous alloy, and there are a number of other alloys that contain iron. 
 Ferrous metals are good conductors of heat and electricity. 
 Metal alloys have high resistance to shear, torque and deformation. 
 The thermal conductivity of metal is useful for containers to heat materials over a flame. 

The principal disadvantages of many ferrous alloys is their susceptibility to corrosion. 

 



Application: 

 Due to the strength and resilience of metals they are frequently used in high-rise building 
and bridge construction, most vehicles, many appliances, tools, pipes, non-illuminated 
signs and railroad tracks. 

 Corrosion resistance property makes them useful in food processing plants, e.g., steel. 
 Cast iron is strong but brittle, and its compressive strength is very high. So used in castings, 

manhole covers, engine body, machine base etc. 
 Mild steel is soft, ductile and has high tensile strength. It is used in general metal products 

like structural, workshop, household furniture etc. 
 Carbon steels are used for cutting tools due to their hardness, strength and corrosion 

resistance properties. 
 

STEEL 

 Steel-It is an alloy of iron and carbon in which carbon content is upto 2%. 
 It may contain other alloying elements. 

CAST IRON 

 In cast iron carbon content is 2% to 6.67% 
 Lower melting point (about 300 °C lower than pure iron) due to presence of eutectic 

point at 1153°C and more carbon content. 

WROUGHT IRON 

The meaning of “wrought” is that metal which possesses sufficient ductility in order to 
permit hot and/or cold deformation. Wrought iron is the purest iron with a small amount  of slag 
forged out into fibres. The typical composition indicates 99 per cent of iron and traces of carbon, 
phosphorus, manganese, silicon, sulphur and slag. During the production process, first all 
elements in iron (may be C, S, Mn, Si and P) are eliminated leaving almost pure iron molten 
slag. In order to remove the excess slag, the final mix is then squeezed in a press and reduced to 
billets by rolling milling. The resulting material would consist of pure iron separated by thin 
layers of slag material. The slag characteristic of wrought iron is beneficial in 
blacksmithy/forging operations and provides the material its peculiar fibrous structure. Further, 
the non-corrosive slag constituent makes wrought iron resistant to progressive corrosion and also 
helps in reducing effect of fatigue caused by shocks and vibrations. 

Wrought iron is tough, malleable and ductile and possesses ultimate tensile strength of 
350 N/mm2. Its melting point is 1530°C. It can neither be hardened nor tempered like steel. The 
billets of wrought iron can be reheated to form bars, plates, boiler tubing, forgings, crane hook, 
railway coupling, bolts and nuts, chains, barbed wire, coal handling equipment and cooling 
towers, etc. 



CAST IRON 

It is primarily an alloy of iron and carbon. The carbon content in cast iron varies from 1.5 to 4 
per cent. Small amounts of silicon, manganese, sulphur and phosphorus are also present in it. 
Carbon in cast iron is present either in free state like graphite or in combined state as cementite. 
Cast iron contains so much carbon or its equivalent that it is not malleable. One characteristic 
(except white cast iron) is that much of carbon content is present in free form as graphite. 
Largely the properties of cast iron are determined by this fact. 

Melting point of cast iron is much lower than that of steel. Most of the castings produced in a 
cast iron foundry are of grey cast iron. These are cheap and widely used.  

The characteristics of cast iron which make it a valuable material for engineering applications 
are: 

 (1) Very good casting characteristics. 

(2) Low cost 

(3) High compressive strength 

(4) Good wear resistance 

(5) Excellent machinability 

The main limitation of this metal is brittleness and low tensile strength and thus cannot be used 
in those components subjected to shocks. 

The varieties of cast iron in common use are: 

(1) Grey cast iron 
(2) White cast iron 
(3) Malleable cast iron 
(4) Nodular cast iron 
(5) Chilled cast iron 
(6) Alloy cast iron 

GREY CAST IRON 

It is the iron which is most commonly used in foundry work. If this iron is machined or 
broken, its fractured section shows the greyish colour, hence the name “grey” cast iron. The grey 
colour is due to the fact that carbon is present in the form of free graphite. A very good 
characteristic of grey cast iron is that the free graphite in its structure acts as a lubricant. This is 
suitable for those components/products where sliding action is desired. 

The other properties are good machinability, high compressive strength, low tensile 
strength and no ductility. In view of its low cost, it is preferred in all fields where ductility and 
high strength are not required. The grey cast iron castings are widely utilized in machine tool 
bodies, automobile cylinder blocks and flywheels, etc. 



WHITE CAST IRON 

It is so called due to the whitish colour shown by its fracture. White cast iron contains 
carbon exclusively in the form of iron carbide Fe3C (cementite). From engineering point of 
view, white cast iron has limited applications. This is because of poor machinability and 
possessing, in general, relatively poor mechanical properties. It is used for inferior castings and 
places where hard coating is required as in outer surface of car wheels. Only crushing rolls are 
made of white cast iron. But it is used as raw material for production of malleable cast iron. 

MALLEABLE CAST IRON 

Malleable cast iron is produced from white cast iron. The white cast iron is brittle and 
hard. It is, therefore, unsuitable for articles which are thin, light and subjected to shock and 
vibrations or for small castings used in various machine components. The malleable cast iron is 
produced from white cast iron by suitable heat treatment, i.e., annealing. 

This process separates the combined carbon of the white cast iron into noddles of free 
graphite. The malleable cast iron is ductile and may be bent without rupture or breaking the 
section. Its tensile strength is usually higher than that of grey cast iron and has excellent 
machining qualities. Malleable cast iron components are mainly utilized in place of forged steel 
or parts where intricate shape of these parts creates forging problem. This material is principally 
employed in rail, road automotive and pipe fittings etc. 

NODULAR CAST IRON 

It is also known as “spheroidal graphite iron” or Ductile iron or High strength “Cast iron”. This 
nodular cast iron is obtained by adding magnesium to the molten cast iron. The magnesium 
converts the graphite of cast iron from flake to spheroidal or nodular form. In this manner, the 
mechanical properties are considerably improved. The strength increases, yield point improves 
and brittleness is reduced. Such castings can even replace steel components. 

Outstanding characteristics of nodular cast iron are high fluidity which allows the castings of 
intricate shape. This cast iron is widely used in castings where density as well as pressure 
tightness is a highly desirable quality. The applications include hydraulic cylinders, valves, pipes 
and pipe fittings, cylinder head for compressors, diesel engines, etc. 

 CHILLED CAST IRON 

Quick cooling is generally known as chilling and the iron so produced is “chilled iron”. The 
outer surface of all castings always gets chilled to a limited depth about (1 to 2 mm) during 
pouring and solidification of molten metal after coming in contact with cool sand of mould. 
Sometimes the casting is chilled intentionally and some becomes chilled accidentally to a small 
depth. Chills are employed on any faces of castings which are required to be hard to withstand 
wear and friction. Chilled castings are used in producing stamping dies and crushing rolls 
railway, wheels cam followers, and so on. 

 



 ALLOY CAST IRON 

Alloying elements are added to cast iron to overcome inherent deficiencies in ordinary cast iron 
to provide requisite characteristics for special purposes. The alloy cast iron is extremely tough, 
wear resistant and non-magnetic steel about 12 to 14 per cent  manganese should be added. 

Carbon: 

The quantity of carbon in pig iron varies from 4 to 4.5%.  Source of carbon in steel is coal. 
Carbon is present in pig iron either in free state as  graphite or in combined state as iron carbide. 
Carbon in pig iron increases its hardness. 

Silicon: 

 It may be present in cast iron upto 4%. 
 It provides the formation of free graphite which makes the iron soft and easily 

machinable. 
 It also produces sound castings free from blow- holes, because of its high affinity for 

oxygen. 

Sulphur: 

 It makes the cast iron hard and brittle. 
 Since too much sulphur gives unsound casting, therefore, it should be kept well below 

0.1% for most foundry purposes 

Manganese: 

 It makes the cast iron white and hard. 
 It is often kept below 0.75%. 
 It helps to exert a controlling influence over the harmful effect of sulphur 

Phosphorus: 

 It aids fusibility and fluidity in cast iron, but induces brittleness. 
 It is rarely allowed to exceed 1%. 
 Phosphoric irons are useful for casting. 

Nickel:  

It may be termed as one of the most important alloying elements. It improves tensile strength, 
ductility, and toughness and corrosion resistance. 

 Chromium: 

Its addition to steel improves toughness, hardness and corrosion resistance. 

 



 Boron: 

It increases hardenability and is therefore very useful when alloyed with low carbon steels. 

Cobalt: 

It is added to high speed steels to improve hardness, toughness, tensile strength, thermal 
resistance and magnetic properties. It acts as a grain purifier. 

Tungsten: 

 Tungsten improves hardness, toughness, wear resistance, shock resistance,magnetic reluctance 
and ability to retain hardness at elevated temperatures. It provides hardness and abrasion 
resistance properties to steel. 

 Molybdenum:  

It improves wear resistance, hardness, thermal resistance, ability to retain mechanical properties 
at elevated temperatures and helps to inhibit temper brittleness. 

 Vanadium: 

 It increases tensile strength, elastic limit, ductility, shock resistance and also acts as a degaser 
when added to molten steel. It provides improvement to hardenability of steel. 

 It is a very good deoxidizer and promotes grain growth. It is the strongest carbide former. 
Titanium is used to fix carbon in stainless steel and thus prevents theprecipitation of chromium-
carbide. 

 Niobium:  

It improves ductility, decreases hardenability and substantially improves the impact strength. It 
also promotes fine grain growth. 

LOW CARBON STEEL 

 Carbon content in the range of 0 – 0.3%. 
 Most abundant grade of steel is low carbon steel ( greatest quantity produced; and least 

expensive). 
 Not responsive to heat treatment; cold working needed to improve the strength. 
 It has good weldability and machinability 

MEDIUM CARBON STEEL 

 Carbon content in the range of 0.3 – 0.8%. 

 It can be heat treated - austenitizing, quenching and then tempering. 

 Most often used in tempered condition – tempered martensite 

 Medium carbon steels have low hardenability 

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

 Heat treated alloys are stronger but have lower ductility 

 Typical applications – Railway wheels and tracks, gears,crankshafts. 



HIGH CARBON STEEL 

 Carbon content 0.8 – 2% 

 High C content provides high hardness and strength. 

 Hardest and least ductile. 

 Used in hardened and tempered condition 

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

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

 

STAINLESS STEEL 

 Stainless steel does not readily corrode, rust or stain with water as ordinary steel does, but 
despite the name it is not fully stain-proof, most notably under low-oxygen, high-
salinity,or poor-circulation environments. 

  There are different grades and surface finishes of stainless steel to suit the environment 
the alloy must endure. Stainless steel is used where both the properties of steel and 
corrosion resistance are required.  

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

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

Carbon Steel is classified into 

i) Low carbon steel or Mild steel 

ii) Medium carbon steel 

iii) High carbon steel 

Low carbon steel or Mild steel: 
Low carbon steel or mild steel is further classified in to three types basing on their  composition 
i-e percentage of carbon. 

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

b) Mild steel containing 0.15 to 0.2% of carbon. 

c) Mild steel containing 0.2 to 0.3% of carbon. 

Application of Mild Steel: 
i) Dead mild steel is used for making steel wire, sheet, rivets, screws, pipe, nail, chain, etc. 

ii) Mild steel containing 0.15 to 0.2% carbon is used for making camshafts, sheets, strips for 
blades, welded tubing, forgings, drag lines, etc. 

iii) Mild steel containing 0.2 to 0.3% carbon is used for making valves, gears, crank shafts, 
connecting rods, railways axles, fish plates and small forgings, etc. 

 

 

MEDIUM CARBON STEEL 



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

Medium carbon steel are of three categories. 

i) Steel containing 0.35 to 0.45% carbon is used for connecting rod, wires & rod, spring clips, 
gear shaft, key stock, shafts & brakes lever, axle, small & medium forgings, etc. 

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

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

HIGH CARBON STEEL 

Steel containing 0.7 to 0.1.5% carbon is known as high carbon steel. 

Uses 

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

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

iii) Steel containing 0.9 to 1.0% carbon is used for making punches & dies, leaf & coil springs, 
keys, speed discs, pins, shear blades, etc. 

iv) Steel containing 1.0 to 1.1% carbon is used for making railway springs, machine tools, 
mandrels, taps, etc. 

v) Steel containing 1.1 to 1.2% carbon is used for making taps, thread metal dies, twist drills, 
knives, etc. 

vi) Steel containing 1.2 to 1.3% carbon is used for making files, metal cutting tools, reamers, etc. 

vii) Steel containing 1.3 to 1.5% carbon is used for making wire drawing dies, metal cutting 
saws, paper knives, tools for turning chilled iron, etc. 

ALLOY STEEL 

Steel is considered to be alloy steel when the maximum of the range given for the content of 
alloying element exceeds one or more of the following limits.  
 

Mn-1.65%, Si-0.6%, Cu-0.6% or in which a definite maximum quantity of any of the following 
elements is specified. 

Al, B, Cr up to 3.99%, Cu, Mo, Ni,Ti, W, V or any other alloying element added to obtain a 
desired alloying effect. 

 

 

 

 



LOW AND MEDIUM ALLOY STEEL: 

 In low and medium alloy steel alloying element is not exceeding 10%. 

i) 1st symbol: 100 times the average percentage of carbon. 

ii) 2nd, 4th, 6th ,etc symbol: Elements 

iii) 3rd, 5th, 7th, etc. symbol: percentage of elements multiplied by factors as follows. 

Element Multiplying factor Cr, Co, Ni, Mn, Si & W 4 

         Al, Be, V, Pb, Cu, Nb, Ti, Ta, Zr & Mo 10 

        P, S, N 100 

iv) Last element: It indicates special characteristics. 

High alloy steel: In high alloy steel, total alloying element is more than 10%. 

 For example: X10 Cr 18 Ni 9 S3 

X- HIGH ALLOY STEEL 

10 %- 0.1 %C 

Cr18 – 18 % Cr 

Ni 9 – 9 % Ni 

S 3 – Pickled condition 

STAINLESS STEEL: 

When 11.5% or more chromium is added to iron, a fine film of chromium oxide forms 
spontaneously on the surfaces. The film acts as a barrier to retard further oxidation, rust or 
corrosion. As this steel cannot be stained easily, it is called stainless steel. The stainless steel 
basing on their micro-structure can be grouped in to three metallurgical classes such as 
Austenitic stainless steel, Ferritic stainless steel & Martensite stainless steel. 

AUSTENITIC STAINLESS STEEL: 

Properties: 

1) They possess austenitic structure at room temperature. 

2) They possess the highest corrosion resistance of all the stainless steels. 

3) They possess greatest strength and scale resistance at high temperature. 

4) They retain ductility at temperature approaching absolute zero. 

5) They are non-magnetic. 

Composition: 

 C 0.03 to 0.25% Mn 2 to 10% Si 1 to 2% 

 Cr 16 to 26% Ni 3.5 to 22% 

 P & S Normal Mo & Ti in some cases 

 

 



Uses: 

1) Aircraft industry (Engine parts) 

2) Chemical processing (heat exchangers) 

3) Food processing (Kettles, tanks) 

4) Household items (cooking utensils) 

5) Dairy industries (milk cans) 

6) Transportation industry (Trailers & railways cars) 
 

FERRITIC STAINLESS STEEL: 

Properties: 

1) They posses a microstructure which is primarily ferritic. 

2) They are magnetic & have good ductility 

3) They do not work harden to any appreciable degree. 

4) They are more corrosion resistant than martensitic steel. 

5) They develop their maximum softness, ductility & corrosion resistance in the annealed 
condition. 

Composition: 

 C 0.08 to 0.20% Si 1% Mn 1 to 1.5% Cr 11to 27% 

Uses: 

1) Lining for petrolium industry. 

2) Heating elements for furnaces. 

3) Interior decorative work. 

4) Screws & fittings. 

5) Oil burner parts. 

MARTENSITIC STAINLESS STEEL: 

Properties: 

1) They posses martensitic microstructure. 

2) They are magnetic in all condition & possess the best thermal conductivity of the stainless 
types. 

3) Hardness, ductility & ability to hold an edge are characteristics of martensitic steels. 

4) They can be cold worked without difficulty, especially with low carbon content, can be 
machined satisfactorily. 

5) They have good toughness. 

6) They have good corrosion resistance to weather and to some chemicals. 

7) They are easily hot worked. 
Composition: 



 C 0.15 to 1.2% Si 1% Mn 1% Cr 11.5 to 18% 
Uses: 

1) Pumps & valve parts 
2) Rules & tapes 
3) Turbine buckets 
4) Surgical instruments, etc. 

EFFECT OF ALLOYING ELEMENTS: 

Chromium: It joins with carbon to form chromium carbide, thus adds to depth hardenability 
with improved resistance to abrasion & wear. 

Manganese: 

1) It contributes markedly to strength and hardness. 

2) It counteracts brittleness from sulphur. 

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

Nickel: It 

1) Increases toughness & resistance to impact. 

2) Lessens distortion in quenching. 

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

4) Strengthens steels. 

5) Renders high-chromium iron alloys austenitic. 

6) Does not unite with carbon. 

Vanadium: It 

1) Promotes fine grains in steel. 

2) Increases hardenability. 

3) Imparts strength & toughness to heat-treated steel 

4) Causes marked secondary hardening. 

Molybdenum: It 

1) Promotes hardenability of steel. 

2) Makes steel fine grained. 

3) Makes steel unusually tough at various hardness levels. 

4) Counteracts tendency towards temper brittleness. 

5) Raises tensile & creep strength at high temperatures. 

6) Enhances corrosion resistance in stainless steels. 

7) Forms abrasion resisting particles. 

 

 



Tungsten: It 

1) Increases hardness. 

2) Promotes fine grains. 

3) Resists heat. 

4) Promotes strength at elevated temperature. 

TOOL STEEL 

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

Tool steels are high-quality, carbon and alloy steels that are commonly used to make 
cutters,  reamers, bits etc used for machining metals, plastics, and wood. They are usually melted 
in  furnaces and processed to give them properties required for shaping other metals into useful 
components. They are ingot-cast wrought products capable of withstanding high temperatures 
and heavy loads. Tool steels normally contain carbide formers like chromium, vanadium, 
molybdenum and tungsten in different combinations and cobalt or nickel for enhancing 
performance at high temperatures. 

Tool steels are provided in the soft or annealed condition, so that they can be machined 
into tooling components. These steels can be heat-treated to improve the hardness after being 
fabricated into a tool. 

Classification 

Tool steels are classified based on their properties and composition as follows: 
 High-speed steels 

o Molybdenum high-speed steels 
o Tungsten high-speed steels 
o Intermediate high-speed steels 

 Hot-work steels 
o Chromium hot-work steels 
o Tungsten hot-work steels 
o Molybdenum hot-work steels 

 Cold-work steels 
o Air-hardening, medium-alloy, cold-work steels 
o High-carbon, high-chromium, cold-work steels 
o Oil-hardening cold-work steels 

 Water-hardening tool steels 
 Shock-resisting steels 
 Low-alloy special-purpose tool steels 

 
 
 



 Low-carbon mold steels 

i) Slight change of form during hardening. 

ii) Little risk of cracking during hardening. 

iii) Good toughness 

iv) Good wear resistance 

v) Very good machinability 

vi) A definite cooling rate during hardening 

vii) A definite hardening temperature 

viii) Resistance to de-carburization 

ix) Resistance to softening on heating 

Classification of Tool steel: 

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

 Symbol            Meaning 

 T       W-High speed steel 

 M       Mo-High speed steel 

 D       High C, high Cr steel 

 A       Air hardening steel 

 O       Oil hardening steel 

 W       Water hardening steel 

 H       Hot work steel 

 S       Shock resistance steel 

Composition of Tool Steel: 

1) W-High speed steel 

        T1: C 0.7  Cr 4  V 1  W 18 

       T4: C 0.75 Cr 4  V 1 W 18 Co 5 

       T6: C 0.8  Cr 4.5  V 1.5  W 20  Co 12 

2) Mo-High speed steel 

      M1: C 0.8 Cr 4 V 1 W 1.5 Mo 8 

     M6: C 0.8 Cr 4 V 1.5 W 4 Mo 5 Co 12 

3) High C, high Cr steel 

     D2: C 1.5 Cr 12 Mo 1 

     D5: C 1.5 Cr 12 Mo 1 Co 3 

     D7: C 2.35 Cr 12 V 4 Mo 1 

 



4) Air hardening steel 

     A2: C 1 Cr 5 Mo 1 

     A7: C 2.25 Cr 5.25 V 4.75 W 11 Mo 1 

     A9: C 0.5 Cr 5 Ni 1.5 V 1 Mo 1.4 

5) Oil hardening steel 

    O1: C 0.9 Mn 1 Cr 0.5 W 0.5 

     O2: C 1.45 Si 1 Mo 0.25 

6) Water hardening steel 

     W2: C 0.6/1.4 V 0.25 

     W5: C 1.1 Cr 0.5 

7) Hot work steel 

      H10: C 0.4 Cr 3.25 V 0.4 Mo 2.5 

     H12: C 0.35 Cr 5 V 0.4 W 1.5 Mo 1.5 

8) Shock resistance steel 

    S1: C 0.5 Cr 1.5 W 2.5 

    S2: C 0.5 Si 1 Mo 0.4 

     S5: C 0.55 Mn 0.8 Si 2 Mo 0.4 

     S7: C 0.5 Cr 3.25 Mo 1.4 

Applications 

The major applications of tool steels are in the following processes: 

 Forming, stamping, cutting and shearing of plastics and metals 

 Extrusion of plastic sections e.g vinyl window frames and pipes 

 Stamping of computer parts from metal sheets 

 Slitting of steel coils into strips 

 Dies for compacting of powder metal into forms such as gears. 

 

MARAGING STEELS 
 
 Maraging steel is high-strength steel that possesses increased toughness. It is also refers to 

the aging of martensite, a hard microstructure commonly found in steels. 

 The term maraging is derived from the strengthening mechanism, which transforms the 
alloy to martensite with subsequent age hardening. 
 

 Maraging steels are carbon free ( ie Less than 0.02 % C) iron-nickel alloys with additions 
of cobalt, molybdenum, titanium and aluminium. The term maraging is derived from the 
strengthening mechanism, which is transforming the alloy to martensite with subsequent 
age hardening. 



 Table summarizes the alloy content of the 18% nickel – cobalt - molybdenum family as 
developed by Inco in the late 1950s. 

 Air cooling the alloy to room temperature from 820°C creates a soft iron nickel 
martensite, which contains molybdenum and cobalt in supersaturated solid solution. 
Tempering at 480 to 500°C results in strong hardening due to the precipitation of a 
number of intermetallic phases, including, nickel-molybdenum, iron-molybdenum and 
iron-nickel varieties. 

Maraging Steels 

Type Yield Strength 
(0,2% proof stress) 

(MPa) 

% Alloy content 

Ni Co Mo Ti Al 

18Ni1400 1400 18 8.5 3 0.2 0.1 

18Ni1700 1700 18 8 5 0.4 0.1 

18Ni1900 1900 18 9 5 0.6 0.1 

18Ni2400 2400 17.5 12.5 3.75 1.8 0.15 

17Ni1600 (cast) 1600 17 10 4.6 0.3 0.05 

Table 1: Summary of the alloy content of the 18% nickel – cobalt - molybdenum family 

With yield strength between 1400 and 2400 MPa maraging steels belong to the category of ultra-
high-strength materials. The high strength is combined with excellent toughness properties and 
weldability. 

Typical applications areas include: 
 Aerospace, e.g. undercarriage parts and wing fittings, tooling & machinery, e.g. extrusion 

press rams and mandrels in tube production, gears ordnance components and fasteners. 
 
HSLA Steels 
 
High strength low alloy steel (HSLA steel) is an alloy that provides improved mechanical 
properties and greater atmospheric corrosion resistance than traditional carbon steel. These types 
of steels differ from ‘normal’ alloy steels as they are not designed to meet a specific chemical 
composition but to meet specific mechanical properties. 
. 
High strength low alloy steel (HSLA) is manufactured in a similar fashion to other types of 
carbon steel. Iron and ore are combined in a furnace that melts the metal and removes impurities. 
However, unlike conventional carbon steel, various amounts of different alloying metals are 
added to the molten steel mixture during production. 
 
Various properties of HSLA steel can be enhanced depending on which alloying elements are 
added to it. For example, metals such as tungsten, vanadium, molybdenum and manganese help 
prevent block dislocation movement in the carbon steel microstructure, thus increasing the 
strength and hardness of the HSLA steel. 
 
Other alloying elements, such as nickel, copper and chromium are used to increase the corrosion 
resistance of the steel, allowing it to be used in challenging and aggressive environments. 



 
The Chemical Composition of HSLA Steel 
 
 The chemical composition of high strength low alloy steels consists of a low carbon 

content of between 0.05% – 0.25% for sufficient formability and weldability, and a 
manganese content of up to 2%. 

 
 The remaining chemical constituents can vary depending on the product thickness and 

mechanical property requirements, and small quantities of chromium, molybdenum, 
nickel, copper, vanadium, niobium, nitrogen, zirconium, and titration can be used in 
different combinations. 

 
 Strength is added to the HSLA steel with the addition of vanadium, niobium, copper, and 

titanium. HSLA steels can reach yield strengths of greater than 275 MPa or 40 ksi, but 
because of this high strength, high strength low alloy steels usually require 25% – 30% 
more power to form than traditional carbon steels. 

 
 Increased corrosion resistance is given to high strength low alloy steel by the addition of 

silicon, copper, chromium, and phosphorus. Formability is improved with the inclusion 
of zirconium, calcium, and other rare earth elements as they provide sulfide-inclusion 
shape control. 

 
Classifications of HSLA Steel 
 
 There are six different classifications of high strength low alloy steels, which are all 

designed to provide specific combinations of mechanical properties to suit the application 
requirements. 

 
Inclusion-Shape-Controlled Steel 
 
 This type of HSLA steel includes the addition of calcium, zirconium, titanium, or other 

rare earth elements, which change the shape of the sulfide inclusions from elongated 
stringers to small, dispersed, globules that are almost globules. This change provides this 
type of steel with improved through-thickness toughness and ductility. 

 
Microalloyed Ferrite-Pearlite Steel 
 
 Microalloyed ferrite-pearlite steel contains strong carbide or carbonitride-forming 

elements, in very small quantities – often less than 0.10%. These elements could be 
titanium, niobium, and/or vanadium, and they provide the HSLA steel with precipitation 
strengthening, grain refinement, and the possibility of transformation temperature control. 

 
Dual-Phase Steel 
 
 These steels have a ferrite microstructure that contains uniformly distributed, small 

sections of martensite. This microstructure provides these high strength low alloy steels 
with ductility, high tensile strength, low yield strength, high rate of work hardening, and 
good formability. 



 
Acicular Ferrite Steel 
 

 These HSLA steels are characterized by a very fine high strength acicular ferrite 
structure. They are low carbon steels, with high yield strengths, excellent weldability and 
formability, and good toughness. 

 
As-Rolled Pearlitic Steel 
 

 As-rolled pearlitic steels often include carbon-manganese steels, but they may also have 
small additions of other alloying elements to provide enhanced strength, formability, 
weldability, and toughness. 

 
Weathering Steel 
 

 Weathering steel, also known by the trade name Corten, is a type of HSLA steel that 
exhibit a high level of atmospheric corrosion resistance and tensile strength. This type of 
high strength low alloy steel is commonly used in outdoor structures such as bridges due 
to these properties. 

 
SPRING Steel 
 

 Spring steel is a name given to a wide range of steels used in the manufacture of springs, 
prominently in automotive and industrial suspension applications. These steels are 
generally low-alloy manganese, medium-carbon steel or high-carbon steel with a very 
high yield strength. 

 This allows objects made of spring steel to return to their original shape despite 
significant deflection or twisting  

 Achieving a high yield strength  can be achieved through either hardening by heat 
treatment or through work hardening. 

Hardening and Tempering 

Most spring steels are manufactured by heat treatment from medium to high carbon steels, and 
alloyed carbon steels. A minimum percentage of carbon is required to facilitate this process and 
whilst grades with upwards 0.25% carbon will respond to heat treatment, carbon springs steels 
more typically start with 0.50% carbon through to 1.25%. Additional elements including silicon, 
manganese and chromium also have an impact on a steels response to heat treatment. Whilst 
basically hardening the steel is achieved by heating and quenching, this process does cause the 
steel to become brittle and a key part of the overall process is tempering, which is performed 
after quenching and used to relieve stresses and to achieve more controlled tensile strengths. 
Spring steel in the hardened and tempered condition is used mainly for the production of flat 
springs, blades and saws, and is it very difficult to form. 

Work Hardening 

Work hardening is mainly used with the austenitic stainless grades. The hardening is achieved by 
rolling and reducing the thickness. This increases the tensile strength of the material. Greater 
reductions result is higher tensile strengths. If the tensile strength is pushed too high then the 
material becomes brittle and prone to breaking. Typically the best range is achieved between 
1200 and 1500 n/mm² although higher tensile strengths are used in some applications. 



One great benefit of stainless spring steels is that they can be used to form components without 
the need to heat treat afterwards, which enables manufacturers without heat treatment facilities to 
produce in house. 

Selection of materials for springs 

The above special requirements of spring steels are being met by adding different alloying 
elements in the steels. These are silicon, manganese, chromium, vanadium, molybdenum and 
nickel (in case of stainless steels). Most of the spring steels are hardened and tempered to around 
45 HRC. Most of the springs are made with medium and high carbon steels, alloy steels and 
stainless steels as given below. 

Medium and high carbon spring steels – These spring steels are the most commonly used 
materials since they are less expensive, These materials can be easily worked and are readily 
available. These steels are not suitable for springs operating at high or low temperatures or for 
shock or impact loading. 

Alloy spring steels – These spring steels are used for conditions of high stress and shock or 
impact loadings. These steels can withstand a wider temperature variation than high carbon 
spring steels and are used in either the annealed or pre tempered conditions. Silicon is the key 
element in most of the alloy spring steels. A typical example of alloy spring steel contains 1.5 % 
– 1.8 % silicon, 0.7 % – 1 % manganese, and 0.52 % – 0.6 % carbon. 

Stainless spring steels – The use of stainless spring steels has increased in recent times. There 
are compositions available which can be used for temperatures upto 300 deg C. All these steels 
are corrosion resistant but only the stainless steel of 18-8 composition is to be used at sub-zero 
temperatures. 

TRIP Steel 

TRIP steel are a class of high-strength steel alloys typically used in naval and marine 
applications and in the automotive industry. TRIP stands for "Transformation induced 
plasticity," which implies a phase transformation in the material, typically when a stress is 
applied. 

The microstructure of TRIP steels is retained austenite embedded in a primary matrix of ferrite. 
In addition to a minimum of five volume percent of retained austenite, hard phases such as 
martensite and bainite are present in varying amounts. TRIP steels typically require the use of an 
isothermal hold at an intermediate temperature, which produces some bainite. The higher silicon 
and carbon content of TRIP steels also result in significant volume fractions of retained austenite 
in the final microstructure. Figure 2-6 shows a schematic of TRIP steel microstructure. 

 

 



 

 Banana Chart 

 

 

Below figure shows Bainite and retained austenite are additional phases in TRIP steels 

 

During deformation, the dispersion of hard second phases in soft ferrite creates a high 
work hardening rate, as observed in the DP steels. However, in TRIP steels the retained austenite 
also progressively transforms to martensite with increasing strain, thereby increasing the work 
hardening rate at higher strain levels. This is illustrated in Figure 2-8, where the engineering 
stress-strain behavior of HSLA, DP and TRIP steels of approximately similar yield strengths are 
compared. The TRIP steel has a lower initial work hardening rate than the DP steel, but the 
hardening rate persists at higher strains where work hardening of the DP begins to diminish.. 



 

 Figure shows comparison of  TRIP 350/600 with a greater total elongation than DP 350/600 
and HSLA 350/450 

 The work hardening rates of TRIP steels are substantially higher than for conventional HSS, 
providing significant stretch forming. This is particularly useful when designers take 
advantage of the high work hardening rate (and increased bake hardening effect) to design a 
part utilizing the as-formed mechanical properties. The high work hardening rate persists to 
higher strains in TRIP steels, providing a slight advantage over DP in the most severe 
stretch forming applications. 

 TRIP steels use higher quantities of carbon than DP steels to obtain sufficient carbon 
content for stabilizing the retained austenite phase to below ambient temperature. Higher 
contents of silicon and/or aluminium accelerate the ferrite/bainite formation. These elements 
assist in maintaining the necessary carbon content within the retained austenite. Suppressing 
the carbide precipitation during bainitic transformation appears to be crucial for TRIP steels. 
Silicon and aluminium are used to avoid carbide precipitation in the bainite region. 

 The strain level at which retained austenite begins to transform to martensite is controlled by 
adjusting the carbon content. At lower carbon levels, the retained austenite begins to 
transform almost immediately upon deformation, increasing the work hardening rate and 
formability during the stamping process. At higher carbon contents, the retained austenite is 
more stable and begins to transform only at strain levels beyond those produced during 
forming. At these carbon levels, the retained austenite persists into the final part. It 
transforms to martensite during subsequent deformation, such as a crash event. 

 TRIP steels therefore can be engineered or tailored to provide excellent formability for 
manufacturing complex AHSS parts or exhibit high work hardening during crash 
deformation for excellent crash energy absorption. The additional alloying requirements of 
TRIP steels degrade their resistance spot-welding behavior. This can be addressed 
somewhat by modification of the welding cycles used (for example, pulsating welding or 
dilution welding). 

 

 

 



 Current production grades of TRIP steels and example automotive applications: 

TRIP 350/600              Frame rails, rail reinforcements 
TRIP 400/700              Side rail, crash box 
TRIP 450/800              Dash panel, roof rails 
TRIP 600/980              B-pillar upper, roof rail, engine cradle, front and rear rails, seat frame 
 

Need for the study of steels and cast irons 

 To know the various Iron based components used in real time condition 

 To identify the right metal for right applications. 

 To understand the mechanical properties of the steels and cast iron for the selection of 
metals 

 To develop new cutting tool metals with required hardness  

 To avoid bulk rejection rate in the metal castings 

 To support R&D  for developing alternate materials in the economical way 
 

Classification of steels and cast irons 
 

 
 
Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations:  

 Maraging steels, Cupro-nickel, Tool steel, super alloys, grey,white, malleable and 

spheroidal cast iron. 



Application & Behavior steels and cast iron 
 

  
 

 

 
Applications of Grey cast iron 

 
 
 



Applications of Ductile or spheroidal cast iron 

 
 

Applications of white cast iron 

 
 

 
Applications of malleable cast iron 

 

 



Test after completion 

1. Ductile cast iron is 

a) Also called nodular cast iron 

b) Also called spheroidal graphite cast iron 

c) Carbon is present in form of spherical nodules 

d) All of the mentioned 

2. The term high alloy steels is used for alloy steels containing more than ___ of alloying 
elements. 

a) 10% 

b) 20% 

c) 50% 

d) 70% 

3. Which of the following are true about low carbon steels? 

a) Carbon content < 0.3% 

b) Also called as mild steel 

c) Are soft and ductile 

d) All of the mentioned 

4. Which of the following are true for high carbon steels? 

a) Carbon content=0.4% 

b) Respond readily to heat treatments 

c) Have much ductility as compared to low and medium carbon steels 

d) Easy to weld 

5. As the amount of carbon in steel increases, its ____________ increases. 

a) ductility 

b) impact resistance 

c) hardness 

d) weldability 

 

 



Summary 

 We have discussed in detail about the properties and applications of the various types of 
steels and cast irons . 

 Low carbon steels are used in all kinds of structural applications eg Safety grills in homes. 

 Medium carbon steels are used in automoboile applications and high carbon steels are used 
in the field of cutting tool manufacturing 

 .Similarly grey cast irons are mainly used in machine structuere, and Nodular iron are also 
mainly used in automobile components to replace the steel and also economic constraints. 

  White cast irons are mainly used in ball mills, crusher mill, and malleable cast irons are 
mainly used in pipe fittings like bend, elbow, nipple etc for commercial applications on 
pipe fittings.  

 

 Demo Videos 
 https://www.youtube.com/watch?v=OAUuRoXZ0AE  
 https://www.youtube.com/watch?v=z9qA9H8z3pw 

https://www.youtube.com/watch?v=zn5QMt-byyY 
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Assignment questions 

1. Give the classification of steels. Explain them. 

2. Explain principle characteristics of cast iron and explain the factors which affect the 
structure of cast iron. 

3. Write an engineering brief (composition, heat treatment, properties) about the following 
steels: [a] Tool steel [b] HSLA steel [c] Maraging steels [d] Spring Steel [e] TRIP steel 5. 
Define Lattice 

4. State the effects of following alloying elements on steel (i) Chromium (ii) Molybdenum. 
Also state any three objectives of adding alloying elements on steel.  

5. Describe the properties and application of low medium and high carbon steels.  

6. Discuss the different types of stainless steel making reference to approximate composition, 
structure heat treatment. 

7. Explain the purpose of alloying steels with suitable examples from industrial applications. 

************************************************************************ 



Course Material 
Name of the Course  : Materials Engineering  
Name of the Unit  : Metals and alloys 
Name of the Topic  : Non ferrous metals and alloys 
 

 Objectives:  
To recollect the basic concepts of Non ferrous metals and its alloys 

 Outcomes:  
Upon successful completion, the student should be able to recall/regain the basic 

concept of Different types of Non ferrous metals and its alloys used for real time applications.  
 Pre-test:  

To recall the basic knowledge of various Non ferrous metals. 
 

1. Which of the metal if present will make the alloy ferrous? 
a) Aluminium 
b) Lead 
c) Zinc 

d) Iron 
 

2. Which of the following is costliest among the non ferrous materials? 
a) Magnesium 
b) Aluminum 
c) Titanium 

d) Copper 
 

3. Which of the following is the lightest among the following? 
a) Magnesium 
b) Aluminum 
c) Titanium 

d) Copper 
 

4. Which of the following metal highly prone to corrosion? 
a) Aluminum 
b) Copper 
c) Iron 

d) Zinc 
 

5. An alloy is a 
 

a. Pure metal 
b. Mixture of metals in any proportion 
c. Mixture of metals in fixed proportion 

d. Mixture of two non metals 

 
 



Non-ferrous Metals and alloys - Theory 
 

 NON-FERROUS METALS AND ALLOYS 

Non-ferrous metals are those which do not contain significant quantity of iron or iron as base 
metal. These metals possess low strength at high temperatures, generally suffer from hot 
shortness and have more shrinkage than ferrous metals. They are utilized in industry due to 
following advantages: 

1. High corrosion resistance 
2. Easy to fabricate, i.e., machining, casting, welding, forging and rolling 
3. Possess very good thermal and electrical conductivity 

4. Attractive colour and low density 

The various non-metals used in industry are: copper, aluminium, tin, lead, zinc, and nickel, etc., 
and their alloys. 

 COPPER 

The crude form of copper extracted from its ores through series of processes contains 68% purity 
known as Blister copper. By electrolytic refining process, highly pure (99.9%) copper which is 
remelted and casted into suitable shapes. Copper is a corrosion resistant metal of an attractive 
reddish brown colour. 

Properties and Uses 

(1) High Thermal Conductivity: Used in heat exchangers, heating vessels and appliances, etc. 

(2) High Electrical Conductivity: Used as electrical conductor in various shapes and forms 
for various applications. 

(3) Good Corrosion Resistance: Used for providing coating on steel prior to nickel and 
chromium plating 

(4) High Ductility: Can be easily cold worked, folded and spun. Requires annealing after 
cold working as it loses its ductility. 

ALUMINIUM 

Aluminium is white metal which is produced by electrical processes from clayey mineral known 
as bauxite. However, this aluminium ore bauxite is available in India in plenty and we have a 
thriving aluminium industry. 

Properties and Uses 

(1) Like copper it is also corrosion resistant. 

(2) It is very good conductor of heat and electricity although not as good as copper. 

(3) Possesses high ductility and light weight so widely utilized in aircraft industry. 

(4) Needs frequent annealing if cold worked since it becomes hard after cold working. 

(5) In view of its ductility and malleability it has replaced copper in electrical transmission 
and appliances to some extent. 

       (6) It is used in manufacturing of household utensils including pressure cookers. 



 LEAD 

Lead is the heaviest of the common metal. Lead is extracted from its ore known as galena. It is 
bluish grey in colour and dull lusture which goes very dull on exposure to air. 

Properties and Uses 

(1) Its specific gravity is 7.1 and melting point is 360°C. 

(2) It is resistant to corrosion and many chemicals do not react with it (even acids). 

(3) It is soft, heavy and malleable, can be easily worked and shaped. 

(4) Lead is utilized as alloying element in producing solders and plumber’s solders. 

(5) It is alloyed with brass as well as steel to improve their machinability. 

(6) It is utilized in manufacturing of water pipes, coating for electrical cables, acid tanks and 
roof covering etc. 

 TIN 

It is a brilliant white metal with yellowish tinge. Melting point of tin is 240°C Ferrous Materials 
and Non-Ferrous Metals and Alloys 33 

Properties and Uses 

(1) Tin is malleable and ductile, it can be rolled into very thin sheets. 

(2) It is used for tinning of copper and brass utensils and copper wire before its conversion into 
cables. 

(3) It is useful as a protective coating for iron and steel since it does corrode in dry or wet 
atmosphere. 

(4) It is utilized for making important alloys such as fine solder and moisture proof packing 
with thin tin sheets. 

 ZINC 

The chief ores of zinc are blende (ZnS) and calamine (ZnCO3). Zinc is a fairly heavy, bluish-
white metal principally utilized in view of its low cost, corrosion resistance and alloying 
characteristics. Melting point of zinc is 420°C and it boils at 940°C. 

Properties and Uses 

(1) High corrosion resistance: Widely used as protective coating on iron and steel. Coating may 
be provided by dip galvanizing or electroplating. 

(2) High fluidity and low melting point: Most suitable metal for pressure die casting generally in 
the form of alloy. 

(3) When rolled into sheets, zinc is utilized for roof covering and for providing a damp proof 
non-corrosive lining to containers. 

(4) The galvanized wires, nails, etc. are produced by galvanizing technique and zinc is also used 
in manufacture of brasses. 

  

 



NICKEL 

About at least 85% of all nickel production is obtained from sulphide ores. 

Properties and Uses 

1. Pure nickel is tough, silver coloured metal, harder than copper having some but less 
ductility but of about same strength. 

2. It is plated on steel to provide a corrosion resistance surface or layer. 

3. Widely used as an alloying element with steel. Higher proportions are advantageously 
added in the production of steel such as monel or in conel. 

4. It possesses good resistance to both acids and alkalis regarding corrosion so widely 
utilized in food processing equipment. 

 MAGNESIUM 

Principal ores of magnesium are magnesite, carnallite and dolomite. Magnesium is extracted by 
electrolytic process. 

Manufacturing Processes 

Properties and Uses: 

(1) It is the lightest of all metals weighing around two-thirds of aluminium. 

(2) The tensile strength of cast metal is the same as that of ordinary cast aluminium, i.e., 90 
MPa. 

(3) The tensile strength of rolled annealed magnesium is same as that of good quality cast iron. 

(4) Magnesium can be easily formed, drawn forged and machined with high accuracy. 

(5) In powdered form it is likely to burn, in that situation adequate fire protection measures 
should be strictly observed. 

(6) Its castings are pressure tight and achieve good surface finish. Magnesium castings include 
motor car gearbox, differential housing and portable tools. 

VANADIUM 

It occurs in conjunction with iron pyrite, free sulphur and carbonaceous matter. 

Properties and Uses: 

(1) It is silvery white in colour. 

(2) Its specific gravity is 5.67. 

(3) Its melting point is 1710°C. 

(4) When heated to a suitable temperature it can be hammered into any shape or drawn into 
wires. 

(5) It is used in manufacture of alloy steels. 

(6) Vanadium forms non-ferrous alloys of copper and aluminium from which excellent 
castings can be produced. 

 



ANTIMONY 

Chief ore of antimony is stibnite. To a small extent, antimony is obtained as a by-product in 
refining of other metals such as lead, copper silver and zinc. 

Properties and Uses 

(1) It is silvery white, hard, highly crystalline and so brittle that it may be readily powdered. 

(2) Its specific gravity is 6.63 and melting point is 630°C. 

(3) It is generally used as an alloying element with most of heavy metals. 

(4) Lead, tin and copper are the metals which are most commonly alloyed with antimony. 

 CADMIUM 

It is obtained commercially as a by-product in the metallurgy of zinc and to some extent of lead. 

Properties and Uses 

(1) White metal with bluish tinge, capable of taking a high polish. 

(2) Its specific gravity is 8.67 and melts at 321°C. 

(3) It is slightly harder than tin but softer than zinc. 

(4) It is malleable and ductile and can be readily rolled and drawn into wires. It is chiefly 
utilized in antifriction alloys for bearings. It is also used as rust proof coating for iron and 
steel. Components of automobiles and refrigerator such as nuts, bolts and trimmings, locks 
and wire products are plated with it. 

 ALLOYS OF COPPER 

Copper alloys are among the best conductors of heat and electricity and they have good 
corrosion resistance. The common types of copper alloys are brasses and bronzes.  

The various alloys of copper are discussed as follows: 

BRASS 

All brasses are basically alloys of copper and zinc. Commercially there are two main varieties of 
brasses: 

(1) Alfa brass: Contains upto 36% Zn and rest copper for cold working. 

(2) Alfa-Betabrass: Contains 36 to 45% Zn and remainder is copper for hot working.  

The tensile strength and ductility of brass both increase with increase in content of Zn upto 
30% zinc. With further increase in zinc content beyond 30%, the tensile strength continues to 
increase upto 45% of Zn, but ductility of brasses drops significantly. βphase is less ductile than 
α-phase but it is harder and stronger.  

Thus, there are various types of brasses depending upon proportion of copper and zinc. 
Fundamentally brass is a binary alloy of copper with as much as 50% zinc. Various classes of 
brasses such as cartridge brass, Muntzmetal leaded brass, Admirality brass, naval brass and 
nickel brass depending upon the proportion of copper and zinc plus third alloying metal are 
available for various uses. Suitable type of brasses can undergo the processes of casting, hot 
forging, cold forging, cold rolling into sheets, drawing into wires and extrusion for obtaining 
requisite special cross-section bars.  



The melting point of brass varies according to its composition but most of the brasses in the 
common range liquefy between temperatures of 840°C to 960°C. By adding small quantities of 
other elements, the properties of brass may be greatly affected. For example, addition of 1 to 2% 
zinc improves the machinability of brass. Brass has a greater strength than that of copper but has 
a lower thermal and electrical conductivity. Brasses possess very good corrosion resistance and 
can be easily soldered. Brasses are used in hydraulic fittings, pump linings, utensils, bearings and 
bushes, etc 

BRONZE 

The alloy of copper and tin are usually termed bronzes. The useful range of composition is 75 to 
95% copper and remainder tin. In general, it possesses superior mechanical properties and 
corrosion resistance to brass. The alloy can be easily cold rolled into wire, rods and sheets. With 
increase in tin content, the strength of this alloy and its corrosion resistance increases. It is then 
known as hot working bronze. Bronze is generally utilized in hydraulic fittings, bearings, bushes, 
utensils, sheets, rods and many other stamped and drawn products.  

The generally used bronzes are as follows: 

(1) Phosphor bronze: When bronze contains phosphorus, it is known as phosphor bronze. 

Phosphorus present in such alloy increases the strength, ductility and soundness of castings. 
Various compositions of this alloy are available for different applications. 

The composition of the alloy varies according to whether it is to be forged, wrought or cast. A 
common type of phosphor bronze has the following composition as per Indian standards. Copper 
= 93.6%, tin = 9%, and phosphorus = 0.1 to 0.3%. 

The alloy possesses good wearing qualities and high elasticity. The alloy is resistant to salt water 
corrosion. 

Cast phosphor bronze is utilized for production of bearings and gears. Bearings of bronze contain 
10% tin and small addition of lead. This is also used in making gears, nuts, for machine lead 
screws, springs, pump parts, linings and many other such applications. 

(2) Gun metal: Gun metal contains 2% zinc, 10% tin and 88% copper. It is a very famous 
composition. Sometimes very small amount of lead is also added to improve castability and 
machinability. The presence of zinc improve its fluidity. This bronze is used for bearing bushes, 
glands, pump valves and boiler fittings, etc. 

(3) Silicon bronze: Silicon bronze has an average composition of 3 per cent silicon, 1 per cent 
manganese and rest copper. It possesses good general corrosion resistance of copper with higher 
strength and toughness. It can be cast rolled, stamped, forged and pressed either hot or cold and 
can be welded by all the usual methods.  

Silicon bronze is widely utilized for parts of boilers, tanks, stoves or where high strength as well 
as corrosion resistance is required. 

 (4) Bell metal: This alloy contains 20 to 21% tin and rest copper. It is hard and resistant to 
surface wear. It can be readily cast, is generally utilized for casting bells, gongs and utensils, etc. 

(5) Manganese Bronze: It is an alloy of copper, zinc and manganese. It contains 55 to 60% 
copper, 40% zinc, with 3.5% manganese. This alloy is highly resistant to corrosion. It is stronger 
and harder than phosphor bronze.  



It has poor response to cold working but can be easily hot worked.  It is generally utilized for 
producing bushes, plungers, feed pumps and rods, etc. Worm gears are frequently made of 
manganese bronze. 

(6) Muntz Metal: The composition of this alloy is 60 per cent copper and 40 per cent zinc. 
Sometimes a small quantity of lead is also added. This alloy is stronger, harder and more ductile 
than normal brass. While hot working between 700°C to 750, it responds excellently for process 
but does not respond to cold working. This alloy is utilized for a wide variety of small 
components of machines, bolts, rods, tubes, electrical equipment as well as ordinance works. It is 
widely employed in producing such articles which are required to resist wear. 

CUPRO NICKEL ALLOY 

CuNi is an alloy made of Copper and Nickel with less than 0.5% of other alloys. It is also known 
as cupronickel. There are two popular combinations of CuNi; 70% Copper/30% Nickel or 90% 
Copper/10% Nickel. 90/10 is most used on marine, offshore oil and gas platform while 70/30 is 
more commonly used in Navy since it has much more anti-corrosion ability and expensive. 
These percentages can vary from 69% to 96% of Copper and rest in Nickel but 70/30 and 90/10 
are the most common combinations. 

PROPERTIES OF CUNI: 

As it contains mostly copper and nickel, it combines the advantages of these two alloys. Copper 
enjoys low reactivity, excellent heat and electrical conductivity, great corrosion resistance, and 
machinability. On the other hand, nickel has got high strength and toughness, and excellent 
corrosion resistance. Beside these properties, CuNi is also non-bacterial, non-magnetic, light 
weight, and spark and pitting resistance. The corrosion resistance especially of the 90/10 alloy is 
due to a protective surface film that forms when the alloy comes into contact with water and 
seawater. The alloy is also resistant to corrosion that occurs through chemical and 
electrochemical processes. Therefore, copper’s low reactivity leads to less chemical/ electro 
chemical processes. 

MAIN APPLICATIONS: 

With these various advantages compared to other alloys, CuNi is well found in shipbuilding and 
marine hardware. For example, guidelines for seawater system design and operation, offshore oil 
and gas, power generation, ship repair, and marine antimicrobial applications. Also, since CuNi 
is easy to fabricate, CuNi can be applied to many designs. 

Concentric reducers, Tubes, Elbows, T-piece, Flanges, Sockets, Reducing Tees, Caps, Saddle 
Pieces, Welding Outlets 

Cu-Ni alloys exist as a single-phase structure throughout the entire composition range, which 
includes having many standard alloys with minimal additions of other elements for special 
applications. Cu-Ni alloys were initially used for marine condenser tubes. Cu-Ni alloys 
containing 10 to 30% nickel with iron and manganese additions (C70600 and C71500) are 
commonly used for marine applications in addition to coinage and wire mesh. 

 



Alloying Additions 

Manganese combined with commercial alloys acts as de-sulfurizer and de-oxidant. It boosts 
resistance to corrosion in sea-water. 

Iron (about 2%) is added to the alloys used for marine applications. It enhances the strength of 
the alloy and offers resistance to impingement corrosion occurred by flowing seawater. These 
alloys are used for marine supplies which include condensers, tubes and other applications that 
come in contact with sea-water. The term “copper-nickel (Cu-Ni)” refers to alloys having 
copper-nickel-iron. 

Chromium can also be added to increase the strength of the alloy. Chromium is used in a 30% 
nickel casting alloy. 

Niobium provides a hardening effect when added to cast versions of 10% and 30% nickel alloys. 
It increases the weldability of cast alloys. 

Silicon enhances the casting characteristics of the Cu-Ni alloys and is combined either with 
chromium or niobium. 

Tin provides enhanced resistance to atmospheric tarnishing. The C72500 alloy has 2% tin and 
9% nickel. 

ALLOYS OF ALUMINIUM 

Aluminium may be alloyed with one or more alloying elements such as copper, manganese, 
magnesium, silicon and nickel. The addition of small quantities of alloying elements converts the 
soft and weak aluminium into hard and strong metal, while it retains its light weight. The main 
alloys of aluminium are: Duralumin, Y-alloy, Magnalium and Hindalium which are discussed as 
follows: 

(1) Duralumin: A famous alloy of aluminium containing 4% copper, 0.5% manganese, 0.5% 
magnesium and a trace of iron with remainder as aluminium is known as duralumnin. It 
possesses high strength comparable with mild steel and low specific gravity. However, its 
corrosion resistance is much lower as compared with pure aluminium. The strength of this alloy 
increases significantly when heat treated and allowed to age for 3 to 4 weeks it will be hardened. 
The phenomenon is termed age hardening. To improve upon the corrosion resistance of it, a thin 
film of aluminium is rolled on the duralumin sheets. These sheets are known as Alclad by trade 
name and are widely used in aircraft industry. 

It is widely utilized in wrought conditions for forging, stamping, bars, tubes and rivets. It can be 
worked in hot condition at 500°C. However, after forging and annealing it could also be cold 
worked. Due to light weight and high strength this alloy may be used in automobile industry. 

(2) Y-Alloy: It is also known as copper-aluminium alloy. The addition of copper to pure 
aluminium improves its strength and machinability. Y-alloy contains 93% aluminium, 2% 
copper, 1% nickel and magnesium. This alloy is heat treated as well as age hardened just like 
duralumin.  



A heat treatment of Y-alloy castings, consisting of quenching in boiling water from 
510°C and then aging for 5 days develops very good mechanical characteristics in them. Since 
Y-alloy has better strength at elevated temperature than duralumin therefore it is much used in 
aircraft cylinder heads and piston. It is also used in strip and sheet form. 

(3) Magnalium: It is produced by melting the aluminium 2 to 10% magnesium in a vacuum and 
then cooling it in vacuum or under a pressure of 100 to 200 atmospheres. About 1.75% copper is 
also added to it. Due to its light weight and good mechanical characteristics, it is mainly used for 
aircraft and automobile components. 

(4) Hindalium: It is an alloy of aluminium and magnesium with small quantity of chromium. It 
is manufactured as rolled product in 16 gauge mainly used in manufacture of anodized utensils. 

MAGNESIUM ALLOYS:  

Types, Properties and Applications 

Magnesium alloys are well-known for being the lightest structural alloys. They are made of 
magnesium, the lightest structural metal, mixed with other metal elements to improve the 
physical properties. These elements include manganese, aluminium, zinc, silicon, copper, 
zirconium, and rare-earth metals . 

Some of magnesium’s favourable properties include low specific gravity and a high strength-to-
weight ratio. As a result, the material lends itself to a range of automotive, aerospace, industrial, 
electronic, biomedical, and commercial applications. 

Here, you can learn about the various types of magnesium alloys and their designations, the 
physical properties of magnesium alloys, and the applications in which magnesium alloys are 
used. 

Types and designation 

Magnesium alloys can be categorized into two groups: cast alloys and wrought alloys. 

Cast alloys are basically made by pouring the molten liquid metal into a mould, within which it 
solidifies into the required shape. Common cast alloys of magnesium consist of different 
amounts – but not exceeding 10% – of aluminium, manganese and zinc as principal alloying 
elements. Other alloying elements have been recently used, as well, mostly to enhance creep 
resistance, such as zirconium and rare-earth metals. Besides, mechanical properties of cast alloys 
are augmented by heat treatments. 

Wrought alloys, on the other hand, are alloys subjected to mechanical working, such as forging, 
extrusion, and rolling operations, to reach the desired shape. Aluminium, manganese and zinc are 
also the main alloying elements. Wrought alloys of magnesium are sorted into heat treatable and 
non-heat treatable alloys. 

 



In order to understand the compositions of the alloys, designation systems have been 
created showing the alloying elements and their relative information. One of the most widely 
used designation systems is the ASTM Standard Alloy Designation System. It is made of four 
parts, described in the following example. 

Magnesium Alloy: AZ91E-T6 

 First part (AZ): designates the two main alloying elements (aluminium, zinc) 
 Second part (91): designates the percentage amount of the main alloying elements (9% 

and 1%, respectively) 
 Third part (E): differentiates alloys having the same amounts of the main alloying 

elements (fifth standardised alloy with the above percentages) 
 Fourth part (T6): designates the condition of the alloy (temper) 

 So, in the ASTM designation system, magnesium alloys are named and grouped by means of 
their main alloying elements.  

Table shows the principal alloying elements and their relative designations. 

Principal Alloying Element ASTM Designation 

Manganese M 

Aluminium-Manganese AM 

Aluminium-Zinc-Manganese AZ 

Zirconium K 

Zinc-Zirconium ZK 

Zinc-Zirconium-Rare Earth Metal ZE 

Rare Earth Metal-Zirconium EZ 

Zinc-Copper-Manganese ZC 

Aluminium-Silicon-Manganese AS 

Physical properties 

Magnesium alloys are materials of interest mostly due to their high strength-to-weight 
ratios, exceptional machinability and low cost. They have a low specific gravity of 1.74 g/cm3 
and a relatively low Young’s modulus (42 GPa) compared to other common alloys such as 
aluminium or steel alloys . They suffer, however, from brittleness and poor formability at room 
temperature. Their formability increases with increasing temperature, but that requires high 
energy. Furthermore, studies have shown that formability can be enhanced at the expense of 
strength, by weakening the basal texture of the Mg alloys . 

Magnesium alloys are the third most popular non-ferrous casting material. The physical 
properties of the alloys change based on their chemical compositions. Adding different alloying 
elements would result in different properties at different conditions. 



 Aluminium improves strength, hardness and ductility, facilitating the alloy’s casting 
process. 

 Zinc increases room-temperature strength, fluidity in casting, and corrosion resistance. 

 Manganese increases the resistance of AM and AZ alloys to saltwater corrosion by 
forming intermetallic compounds with iron-like metals, to be removed during melting. 

 Rare earth metals help increase strength and resistance to high-temperature creep and 
corrosion, and decrease porosity and weld cracking. 

 Zirconium is a strong grain refiner when added to alloys containing zinc and rare earth 
metals. 

 Beryllium helps decrease surface oxidation during casting and welding. 

 Calcium increases grain refinement, which helps in controlling the metallurgy of the 
alloy  

Applications 

Magnesium alloys cover a wide array of applications, from automotive and aerospace 
applications to electronic and biomedical uses. 

Structural applications 
Automotive, aerospace, industrial, and commercial applications are examples of structural 
applications. The advantage of magnesium alloys to be used in such applications is their light 
weight, high strength-to-weight ratio, high stiffness-to-weight ratio, castability, machinability, 
and great damping . 

 Automotive: support brackets for brakes and clutch, housing for transmission 

 Aerospace: landing wheels, helicopter rotor fittings, gearbox housings 

 Industrial: high-speed operating machinery, such as textile machines 

 Commercial: luggage, hand tools, computer housings, ladders 

 Electronic applications 
Electronic applications include electronic packaging, hard drive arms, cell phone and 

portable media device housings. Magnesium alloys are being used instead of plastics due to their 
light weight, strength and durability. They also are relatively better for heat dissipation and 
protection against electromagnetic and radio frequency interference . 

Medical applications 
Portable medical equipment and wheelchairs that require light material make good use of 
magnesium alloys. Also, cardiovascular stents and orthopaedic devices are potential applications 
of some magnesium alloys due to magnesium’s biocompatibility and bioabsorbability . 

ALLOYS OF NICKEL 

(1) German silver: The composition of this alloy is 60% Cu, 30% Ni and 10% zinc. It displays 
silvery appearance and is very ductile and malleable. It is utilized for electrical contacts, casting 
of high quality valves, taps and costume jewellery. It is also used in producing electrical wires. 

 



(2) Monel metal: It contains 68% Ni, 30% Cu, 1% iron and remainder small additions of Mn 
and other elements. It is corrosion resistant and possesses good mechanical properties and 
maintains them at elevated temperatures. 

(3) Nichrome: It is an alloy of nickel and chromium which is utilized as heat resistant electrical 
wire in electrical applicances such as furnaces, geysers and electric iron, etc. 

(4) Inconel and incolony: These alloys principally contain, Ni, Cr, Fe, Mo, Ti and very small 
proportions of carbon. These are used as high temperature alloys. Inconel does not respond to 
heat treatment. 

SUPERALLOYS  
     Are mainly classified in to  

 Nickel Base Super alloys 
 Iron Base Super alloys 
 Cobalt Base Super alloys 

 Superalloys are heat-resisting alloys based on nickel, nickel-iron, or cobalt that exhibit a 
combination of mechanical strength and resistance to surface degradation. 

 Superalloys are primarily used in gas turbines, coal conversion plants, and chemical process 
industries, and for other specialized applications requiring heat and/or corrosion resistance. 

 A noteworthy feature of nickel-base alloys is their use in load-bearing applications at 
temperatures in excess of 80% of their incipient melting temperatures, a fraction that is 
higher than for any other class of engineering alloys. 

Applications of super alloys are categorized below; 

 The bulk of tonnage is used in gas turbines: 

 Aircraft gas turbines: disks, combustion chambers, bolts, casings, shafts, exhaust 
systems, cases, blades, vanes, burner cans, afterburners, thrust reversers 

 Steam turbine power plants: bolts, blades, stack gas re-heaters 

 Reciprocating engines: turbochargers, exhaust valves, hot plugs, valve seat inserts 

 Metal processing: hot-work tools and dies, casting dies 

 Medical applications: dentistry uses, prosthetic devices 

 Space vehicles: aerodynamically heated skins, rocket engine parts 

 Heat-treating equipment: trays, fixtures, conveyor belts, baskets, fans, furnace 
mufflers 

 Nuclear power systems: control rod drive mechanisms, valve stems, springs, 
ducting 

 Chemical and petrochemical industries: bolts, fans, valves, reaction vessels, 
piping, pumps 

 Pollution control equipment: scrubbers 

 Metals processing mills: ovens, afterburners, exhaust fans 

 Coal gasification and liquefaction systems: heat exchangers, re-heaters, Piping 
Nickel Base Superalloys 



Nickel-base superalloys are the most complex, the most widely used for the hottest parts, 
and, to many metallurgists, the most interesting of all superalloys. They currently constitute over 
50% of the weight of advanced aircraft engines. The principal characteristics of nickel as an 
alloy base are the high phase stability of the face-centered cubic (FCC) nickel matrix and the 
capability to be strengthened by a variety of direct and indirect means. Further, the surface 
stability of nickel is readily improved by alloying with chromium and/or aluminum. 
Chemical Composition 

The nickel-base superalloys discussed below are considered to be complex because they 
incorporate as many as a dozen elements. 

In addition, deleterious elements such as silicon, phosphorus, sulfur, oxygen, and 
nitrogen must be controlled through appropriate melting practices. Other trace elements. such as 
selenium, bismuth, and lead, must be held to very small (ppm) levels in critical parts. Many 
wrought nickel-base superalloys contain 10 to 20% Cr, up to about 8% Al and Ti combined, 5 to 
15% Co, and small amounts of boron, zirconium, magnesium, and carbon. Other common 
additions are molybdenum, niobium, and tungsten, all of which play dual roles as strengthening 
solutes and carbide formers. Chromium and aluminum are also necessary to improve surface 
stability through the formation of Cr2O3 and Al2O3, respectively.  
The functions of the various elements in nickel alloys are as below 
Microstructure 
The major phases that may be present in nickel-base alloys are: 

 Gamma matrix, γ, in which the continuous matrix is an FCC nickel-base nonmagnetic phase 
that usually contains a high percentage of solid-solution elements such as cobalt, iron, 
chromium, molybdenum, and tungsten. All nickel-base alloys contain this phase as the 
matrix. 

 Gamma prime, γ', in which aluminum and titanium are added in amounts required to 
precipitate FCC γ' (Ni3Al, Ti), which precipitates coherently with the austenitic gamma 
matrix. Other elements, notably niobium, tantalum, and chromium, also enter γ'. This phase 
is required for high-temperature strength and creep resistance. 

 Gamma double prime, γ'', in which nickel and niobium combine in the presence of iron to 
form body centered tetragonal (BCT) Ni3Nb, which is coherent with the gamma matrix, 
while including large mismatch strains of the order of 2.9%. This phase provides very high 
strength at low to intermediate temperatures, but is unstable at temperatures above about 650 
°C (1200 °F).This precipitate is found in nickel-iron alloys. 

 Grain boundary γ', a film of γ' along the gain boundaries in the stronger alloys, produced by 
heat treatments and service exposure. This film is believed to improve rupture properties. 

 Carbides, in which carbon that is added in amounts of about 0.02 to 0.2 wt% combines with 
reactive elements, such as titanium, tantalum, hafnium, and niobium, to form metal carbides 
(MC). During heat treatment and service, these MC carbides tend to decompose and generate 
other carbides, such as M23C6 and/or M6C, which tend to form at grain boundaries. 
Carbides in nominally solid-solution alloys may form after extended service exposures. 

 Borides, a relatively low density of boride particles formed when boron segregates to grain 
boundaries. 

 Topologically close-packed (TCP) type phases, which are plate-like or needle-like phases 
such as σ, and µ that may form for some compositions and under certain conditions. These 
cause lowered rupture strength and ductility. 

 



Applications of Super alloys 

Super alloys have many applications. These mainly include aircraft components, 
chemical plant equipment and petrochemical equipment. The table below shows some of the 
applications of super alloys  
 

Aircraft gas turbine components Nuclear power components Chemical products 

Disks, bolts, shafts, cases, blades, 
and vanes Combustors Afterburner 

Control-rod drive mechanisms 
Valve stems 
Springs 
Ducting 

Bolts, valves 
Reaction vessels 
Springs 
Ducting 

Power plant components for steam 
turbines 

Metal processing products 
Medical 
components 

Bolts and blades 
  

Hot forming tools and dies 
Dentistry 
components 
Prostates 

Automobile components Aerospace components 
Heat treating 
equipment 

Turbine-driven chargers 
Exhaust valves 

Aerodynamically heated skins 
Rocket-engine parts 

Trays and fixtures 
Conveyor belt 
furnaces 

TITANIUM ALLOYS 

Titanium alloys are generally classified into four main categories: . 

 Alpha and beta alloys, which are metastable and generally include some combination of 
both alpha and beta stabilisers, and which can be heat treated.  

 Examples include: Ti-6Al-4V, Ti-6Al-4V-ELI, Ti-6Al-6V-2Sn, Ti-6Al-7Nb. 

 Pure titanium is normally of a hexagonal (alpha - α) structure but transforms to a body 
centred cubic (beta - β) form when heated above 882°C. The addition of alloying elements 
to titanium influences this transformation temperature and in many alloys results in beta 
being retained at room temperature, thus producing a material containing both alpha and 
beta phases or even one which is wholly beta. The relative amounts of alpha and beta phases 
in any particular alloy have a significant effect on the properties of that material in terms of 
tensile strength, ductility, creep properties, weldability and ease of formability. It is common 
practice in the metallurgical industry to refer to titanium alloys by their structure, hence 
alpha, alpha-beta, and beta alloys, examples of which are given in table 1. 

 

 

 



Alloy Example 

Alpha Alloys 
Commercially Pure – ASTM grades 1,2,3 and 4 
Ti/Pd Alloys – ASTM grades 7 and 11 

Alpha + Compound Ti-2.5%Cu – IMI 230 

Near Alpha Alloys 

Ti-8%Al-1%Mo-1%V 
Ti-6%Al-5%Zr-0.5%Mo-0.2%Si – IMI 685 
Ti-6%Al—2%Sn-4%Zr-2%Mo-0.08%Si 
Ti-5.5%Al-3.5%Sn-3%Zr-1%Nb-0.3%Mo-0.3%Si – IMI 829 
Ti-5.8%Al-4%Sn-3.5%Zr-0.7%Nb-0.5%Mo-0.3%Si – IMI 834 
Ti-6%Al-3%Sn-4%Zr-0.5%Mo-0.5%Si – Ti 1100 

Alpha-Beta Alloys 

Ti-6%Al-4%V 
Ti-4%Al-4%Mo-2%Sn-0.5%Si 
Ti-4%Al-4%Mo-4%Sn-0.5%Si – IMI 551 
Ti-6%Al-6%V-2%Sn 
Ti-6%Al-2%Sn-4%Zr-6%Mo 

Metastable Beta Alloys 
Ti-3%Al-8%V-6%Cr-4%Zr-4%Mo – Beta C 
Ti-15%Mo-3%Nb-3%Al-0.2%Si – Timetal 21 S 
Ti-15%V-3%Cr-3%Sn-3%Al 

Alpha Alloys 

Commercially pure titanium is, in fact, alloyed with small amounts of oxygen which increase the 
hardness and tensile strength. By varying the amounts added it is possible to produce a range of 
commercially pure grades of titanium with strength levels varying between 290 and 740 MPa 
These materials are nominally all alpha in structure although small amounts of beta phase are 
possible if the impurity levels of beta stabilisers such as iron are high. While the alpha alloys 
cannot be heat treated to increase strength, the addition of 2.5% copper to titanium results in a 
material which responds to solution treatment and ageing in a similar way to aluminium-copper 
alloys. Aluminium as an alloying addition to titanium is an alpha stabiliser and is found in many 
of the commercially available alloys. 

Alpha-Beta Alloys 

Elements such as vanadium, molybdenum, iron and chromium stabilise the beta phase and many 
alpha-beta alloys have been developed. These are generally medium to high strength materials 
with tensile strengths from 620 to 1250 MPa and having useful creep resistance up to 350 to 
400°C. In addition to tensile properties, low and high cycle fatigue and fracture toughness are 
now critical design parameters and so thermomechanical and heat treatment procedures have 
been developed to ensure that the alloys provide an optimum balance of mechanical properties 
for a wide range of applications. 

For maximum creep resistance at temperatures above 450°C, alloys of the near alpha type are 
now used. These offer acceptable creep strength at temperatures up to 600°C. 



Beta Alloys 

The other class of titanium materials is that of the beta alloys. When sufficient beta stabilising 
elements are added to titanium, all-beta alloys can be produced. These materials have been 
available for many years but have come into prominence recently. They are generally more 
easily cold workable than the alpha-beta alloys, are heat treatable to high strengths, and some 
have superior corrosion resistance to the commercially pure grades. 

International and national specifications exist for titanium materials used in aerospace but there 
is not similar coverage for materials for non-aircraft applications. Generally, for this sector, the 
ASTM series of specifications are used. 

Classification by Strength 

The preceding classification of titanium alloys according to metallographic structures has been 
included because a knowledge of the terminology is useful. A classification system more 
relevant to the designer, however, is one based on tensile. The classification system is given in 
table 2, which does not provide a complete list of titanium alloys but includes the more common 
ones in use in each of the strength ranges. 

Classification of titanium alloys by strength. 

Category 
Min 

Strength 
(MPa) 

Composition 

Low Strength 500 ASTM grades 1,2,3,7 and 11 

Moderate Strength 500-900 
ASTM grades 4,5, and 9 
Ti-2.5%Cu 
Ti-8%Al-1%Mo-0.1%V 

Medium Strength 900-1000 
Ti-6%Al-2%Sn-4%Zr-2%Mo 
Ti-5.5%Al-3.5%Sn-3%Zr-1%Nb-0.3%Mo-0.3%Si 

High Strength 1000-1200 

Ti-3%Al-8%V-6%Cr-4%Zr-4%Mo 
Ti-4%Al-4%Mo-2%Sn-0.5%Si 
Ti-6%Al-6%V-2.5%Sn 
Ti-15%V-3%Cr-3%Sn-3%Al 
Ti-5%Al-2%Sn-4%Mo-2%Zr-4%Cr 
Ti-6%Al-5%Zr-0.5%Mo-0.2%Si 
Ti-6%Al-2%Sn-4%Zr-6%Mo 
Ti-11%Sn-5%Zr-2.5%Al-1%Mo 
Ti-5.8%Al-4%Sn-3.5%Zr-0.7%Nb-0.5%Mo-0.3%Si 

Very High Strength 1200 
Ti-10%V-2%Fe-3%Al 
Ti-4%Al-4%Mo-4%Sn-0.5%Si 

 

 

 



 
Need for the study of Non ferrous metals and alloys 

 To identify the alloying elements for the particular base metal 

 To establish the procedure for making new alloy metal components 

 To estimate the Solid solution preparation for making alloys  

 To support R&D  for developing alternate materials in the economical way 
 

Classification of most common Non ferrous metals  

            
 
Terminology used other than normal known scientific / engg. terms and their fundamental 

explanations / relations: 

 Maraging steel, Cupro-Nickel alloy, super alloy, Tool steels, TRIP steels,HSLA steel 



Applications of Non Ferrous metals 
 

Application of Titanium – Air bus landing gears 

  

 
Applications of Super alloys 

 
 



Applications of copper alloys 
 

  
 
Applications of aluminum alloys 

 

 

Test after completion 

1. High conductivity copper is used ______ 

a) In electrical engineering 

b) To reduce porosity 

c) To raise softening temperature 

d) To manufacture semiconductor elements 

2. What is the melting point of Copper? 

a) 419 

b) 600 

c) 1084 

d) 2562 

 

 



3. Brass is an alloy of copper and ______ 

a) Zinc 

b) Tin 

c) Tin and zinc 

d) Nickel 

4. Which crystal structure is the Gamma Double Prime phase of nickel-based superalloy 
composed of? 

a) FCC 

b) BCC 

c) BCT 

d) HCP 

5. Titanium has __________ density. 

a) low 

b) high 

c) moderate 

d) zero 

 
Summary 

 We have discussed in detail about the  properties and applications of various Non-Ferrous 
metals. 

 Effect of various alloying elements in non ferrous metals like copper, aluminium, 
magnesium and nickel and titanium in the concern of mechanical properties and physical 
properties 

 Age hardening concept of aluminium based alloys to evolve precipitates on the surfaces. 

 .Difference between Normal alloy and super alloys with respect to the properties were 
discussed 

 Applications of Titanium based alloys in the different perspecive are discussed 
 

 Demo Videos 
 

https://www.youtube.com/watch?v=FfvNUsJ8vkg 
https://www.youtube.com/watch?v=H5Ixd4uSERA 
https://www.youtube.com/watch?v=nqzJk2836V8 
https://www.youtube.com/watch?v=k6m5iJOk24o 
https://www.youtube.com/watch?v=pbKFwAH-s98 
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Assignment questions 

1. Discuss the composition properties and typical application of any four copper alloys 

2. What are the outstanding properties of cupronickel alloys? 

3. Explain the composition properties and typical application of some aluminium alloy? 

4. Enumerate the composition and applications of following alloys  

          (i) Brass (ii) Bronze        (iii) Bearing Alloy.  

5. Discuss the following alloys of aluminium: 

(i) Hindalium 

(ii) Magnalium 

(iii) Duralumin 

(iv) Y-alloy 

6. What is the difference between brass and bronze? 

7. Explain detail about the properties and applications of titanium alloys? 

8. What is meant by Super alloys? Explain in detail with properties and applications. 
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