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STRUCTURE OF METALS & ITS ALLOYS: 

BONDING IN SOLIDS: 

When the atoms of the elements combines to form molecules a force of attraction is 

developed between the atoms, which holds them together this force is known as “Bond”. 

Atoms are held together in solids by electrostatic forces of attraction. 

An electric force of attraction occurs between positively and negatively charged particles,  

and there are various ways in which such electric forces can be produced between atoms in solids. 

Causes of Bonding: 

The atoms or molecules forms bonds with another, in order to achieve stable configuration 

in the following 3 ways 

 By loosing one or more electrons to another atom 

 By gaining one or more electrons from another atom 

 By sharing one or more electrons with another atom 

Classification of Bonds : 

 According to the nature of forces of attraction bonds are classified as 

o Primary bonding 

o Secondary bonding 

 Primary bonds: 

 Primary bonds are inter atomic bonds in which electro static force holds the atoms 

together. 

 They are more stable and relatively strong bonds. 

 Examples- metallic, ionic and covalent bonds 

 Secondary bonds: 

 Secondary bonds are inter molecular bonds in which the weak forces holds the 

molecules together 

 These weak forces are known as vanderwall’s force. 

 They are relatively weak. 

 Examples- dispersion bond, dipole bond and hydrogen bond. 

Secondary bond is weak and less stable when compared to primary bond 
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Types of Primary Bond: 

1. Ionic Bond 

2. Covalent Bond 

3. Metallic bond 

1.  Ionic Bond: 

1. It is also known as electro valent bond 
2. It is formed between atoms of metals and nonmetals 

3. An ionic bond is formed when one or more electrons, from the outer most shell of one 

atom, are transformed to the outermost shell of another atom 

4. The electro static attraction b/w the oppositely charged ions forms the ionic bond 

5. Following are the two conditions are necessary for the bond formation : 

1. The atom which loses the electron should have low ionization energy. It means that a 

small amount of energy is requires to remove the electron from its outermost energy level 

2. The atom which gains the electron should have high electron affinity. It means that the 

atom should be able to readily accept an electron from its outermost energy level 

Ex: formation of ionic bond in sodium chloride (NaCl) 
 

 The atomic no of Na is 11 and Cl is 17 .the atomic structure of both Na and Cl atoms are  

shown in fig. Thus we see that the Na atom has 1electron in its outer most energy level and Cl 

atom has 7 electrons in its outer most energy level 

 The Na atom has tendency to lose its electron in its outermost energy level to have a stable  

configuration. more over the Cl atom has a tendency to accept one electron (lost by Na atom) 

in its outer most energy level to have  a stable electronic configuration of argon 
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Properties of ionic solids: 

1. Ionic solids are rigid, uni directional and crystal in nature 

2. The ionic solids have very low electrical and thermal conductivities 

3. The ionic solids have high hardness due to their crystalline structure 

4. The ionic solids are not malleable and ductile 

5. They have high melting and boiling temperature 

6. They exist in the form of solids only 

7. They are freely soluble in water but slightly soluble in organic solvents 

Covalent bond: 

 It exist due to the electrostatic force of attraction b/w atoms which share the electron 

pairs to form a covalent bond 

 It is formed b/w similar or dissimilar atoms 

Ex: O2, CO2, C2H6, H2O, Sic 

 

Fig: covalent bond formation of chorine molecule 

In Cl molecule it consists of 7 electrons in its outer most shell. it need one more electron 

to achieve stable configuration Argon it share another chlorine atom as shown in fig 

Note : 

 When the atoms share one pair of electron the bond formed is single bond, two or three 

pair of electron, the bond formed is single or double or triple covalent bond 

They are two types of covalent bands- 

⚫ Non Polar 

- bonded atoms that share e-’s equally 

- same atoms bonded 

ex. Cl – Cl: Cl2 
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⚫ Polar 

- bonded atoms that do not share e-’s equally 

- different atoms bonded 

H 

ex. H – N – H: NH3 

Properties of ionic solids: 

 These are bad conductors of electricity 

 These compounds are low melting & boiling temp 

 These are not soluble in water ,but are soluble in organic components such as benzene, 

toluene etc 

3. Metallic bond: 
 

A bond formed by the attraction between electron cloud and positively charged ion (cation) of 

same or different metals 
 

 

Fig: Metallic bond formation 
 

Properties of metallic solids: 
 

 These are high electrical and thermal conductivities 

 Metallic solids have crystalline structure but are soft in nature 

 These solids are low melting and boiling temperature than ionic solids 

 These are exist in the form of solids only 

 These are neither soluble in water nor organic solvents 

2. Secondary Bond 

1. Dispersion bond: 

 This bond as shown in a symmetrical molecule. 
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 The electrons are uniformly distributed around the nucleus. 

 But due to mutual repulsion, electrons disperse in asymmetrical manner the displacement 

of positive and negative charges, and forms a dipole (pair of two opposite and equal 

charges). 

 These dipoles oscillate and influence each other resulting in a weak attraction force 

which forms the dispersion bond. 

 Example- molecules of the inert gas are held by dispersion bond. 

2. Dipole bond: 

 Unequal sharing of electrons between the atoms results that the center of positive and 

negative charges does not coincide and the electrical dipole (molecule with one end 

positive and other end negative). 

 These dipoles provide molecular attraction resulting in the formation of dipole bond. 

 Dipole bonds are weaker than ionic bonds but stronger than dispersion bond. 

Example- formation of hydrogen chloride (HCL). 

In HCL, molecule region near the hydrogen nucleus is highly positive and opposite region 

near the chlorine nucleus is negative. 

Attractive between the regions results dipole bond. 

3. Hydrogen bond: 

 Hydrogen bond results between hydrogen atom and any other elctro-negative atoms such 

as oxygen and nitrogen. 

Example- 
 

In water molecules two H2 ends of the molecule being slightly positive (i.e. from 

proton) relative to the oxygen atom (electron). 

Each water molecule form a dipole. 

Hydrogen bond occurs as a result of electro-static attraction between these molecule from 

a dipole. 

 

 
BOND ENERGY OR BINDING ENERGY: It is defined as the energy to break the bond or to 

separate the atom is known as “bond energy” 

 It is expressed in kj/mole 
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BOND LENGTH: 

 The bond length may be defined as equilibrium separation (r) b/w the centre-to-centre of 

two bonding atoms.

 The force of attraction b/w the two bonding atoms, smaller will be the equilibrium 

separation and hence smaller the bond length.

 The primary bond are more stronger than the secondary bond, then the bond length of 

primary bond are smaller than those of secondary bonds

 The bond length of primary bond are in the range of 1-2 AO,for secondary bonds of 2-5 
AO

 

 
 

F  
F
 

 
 
 
 

 

Crystallization of solids: 

Fig: bond length 

 

 crystal or crystalline solid is a solid material whose constituent atoms, molecules or ions 

etc are arranged in an ordered pattern extending in all three dimensions. which are acquired 
under the action of inter molecular forces.

 Crystals are also known as grains

 The boundary separating the two adjacent grains is called grain boundary

 The scientific study of crystals and crystal formation is known as “crystallography.”

 The process of crystal formation via mechanisms of crystal growth is called 

“Crystallization or solidification.”
 All materials are crystalline in nature.

 

 

 Single Crystals: Crystals can be single crystals where the whole solid is one crystal. 

Then it has a regular geometric structure with flat faces.

http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Order_and_disorder_%28physics%29
http://en.wikipedia.org/wiki/Crystallography
http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Crystallization
http://en.wikipedia.org/wiki/Solidification
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 Polycrystalline Materials:

o A solid can be composed of many crystalline grains, not aligned with each other. 
It is called polycrystalline. 

 The grains can be more or less aligned with respect to each other. Where they meet is 

called a grain boundary. 

 

 Crystalline and Non-crystalline materials 

 Crystalline Solids:-

 In crystalline substances the atoms are arranged in regular pattern then it’s called 

crystalline solids. 

 the distance b/w any two successive toms is equal 

Example: Cu, Al, Fe etc 
 

 Non-Crystalline Solids or Amorphous solids :

 The irregular arrangement of the atoms in a crystal is called Non-Crystalline 

solids 

 The atomic distance b/w any two successive atoms is not equal 

Example: glass, rubber etc 
 

 
 

Fig: Crystalline and Non-crystalline materials 

Anisotropy & Isotropy: 

 The properties of polycrystalline solids may be differ greatly in different directions and 

such an unequality of properties in various crystallographic directions is called Anisotropy.

 Amorphous substances such as glass will display the same properties in any directions or  

planes are called isotropic.

Lattice: It denotes the position of atoms or molecules in the crystal. 

Space lattice: It differs from a crystal structure in that a space lattice is an array of points in 

three-dimensional space in which every point has surroundings identical to the every other 

point in the array. Where as a crystal structure is an arrangement of atoms in crystal. 
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Or 

The array of lattice points in three-dimensional space is called space lattice. 
 

 
 

Unit cell : It is the smallest portion of the crystal which shows the arrangement and position of 

atoms in a crystal structure 

Where a, b,c,-intercepts along axes along x,y,z and 

α, β, γ-interfacial angles 

Primitive cell: It is defined as a unit cell which possesses lattice points at its corners only 

Example: A simple cubic cell 

Non-Primitive cell: The unit cell which contain more than one lattice point, are called Non- 

primitive cell 

Ex: body centered and face centered cubic structures contain more than one lattice point per unit 

cell 
 

 If no of lattice points per unit cell are two the unit cell is called doubly primitive cell. 
 If no of lattice points per unit cell are three or four the unit cell is called triply primitive 

cell or quadruply primitive cell 
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Packing factor (p.f) 

 Packing factor or packing density is defined as the volume occupied by the atoms in a 

unit cell to the volume of unit cell. 

 Packing fraction = vol.of atoms in a unit cell / volume of unit cell 

For a cubic structure, p.f = n.4/3 πr3 /a3 

Where r = radius of atoms 

n = effective no.of atoms per unit cell 

a = lattice parameter of the structure 

P.Fis less then the atoms are arranged in loosely packed and when the P.F is more then the atoms 

are arranged in close packed 
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CRYSTAL STRUCTURE OF METALS 

Most metals crystallize into 4 forms of crystal systems: 

 Simple Cubic crystal structure (S.C.C) 

 Face-centered cubic structure (F.C.C) 

 Body-centered cubic structure (B.C.C) 

 Hexagonal close-packed structure (F.C.C) 

1.  Simple cubic structure: 

In this structure 8 corners of the cube are occupied by 8 atoms. 

No of atoms in the unit cell of S.C.C: 

The unit cell contains 8 atoms one at each corner of the cube, since each 

corner atom is shared by 8 eight surrounding cubes the unit cell of 

S.C.C contains 

8 atoms at the corners 8X1/8 =1 atom 

Atomic packing factor of S.C.C: 

P.F = vol.of atoms in a unit cell / volume of unit cell 

Consider a s.c.c structure as shown in fig; 

Where; a=length of each side of cube 

r=atomic radius 

 
 

r = a / 2 

Volume of atoms in the unit cell =n.4/3 πr3 

= 1X4/3 π (a/2) 3 = πa3 /6 

Volume of unit cell = a3 

p.f = (πa3 /6) / a = π / 6 = 52 % 
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P.f is the about 52% and hence this structure is loosely packed, 

Polonium is the only element which shows this type of structure, 

2. Body-centered cubic structure (B.C.C) 

In B.C.C structure the unit cell contain 8 atoms and 1 atom in 

the centre of the cell 

No of atoms in the unit cell: 

In B.C.C structure the unit cell contains 8 atoms at each 

corner of the cube and one atom in the centre of the cube 

Since each corner is shared by 8 surrounding cubes and 

the atom in the centre cannot be shared by another cube. 

 

8 atoms at the corners x 1/8 =1 atom 

1 centre atom =1 atom 

  2 atoms 

 

 
 

 

 

 
 

 

Fig: B.C.C 

 

 
 

  
 

Atomic packing factor of B.C.C: 

From le AEB; AE2 = A B2 + BE2 

= a2 + a2 

AE2 = 2a2 

 

 

 

R 
a
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AE = √2a 

From le AEF, AF2 =AE2+EF2 

(4r) 2 = 2a2 + a 2 

16r2 =3a2 

a=4r/√3 
 

We know that; 

Volume of the unit cell = a3 = (4r/√3)3 

Volume of the atom in the unit cell = n.4/3 πr3 

= 2x4/3 πr3 
 

Packing factor (p.f): 

P.f = 2x4/3 πr3 /(4r/√3)3=0.68=68% 
 

Examples- chromium, iron, molybdenum, potassium, sodium, tungsten, vanadium 

P.f is 68% and it is not a closely packed structure. 

Face-centered cubic structure: 
 

In FCC structure, there are eight corner of the cube occupied by eight atoms, and six 

atoms occupy the centre of six of the cube atoms 

Examples- AL, copper, gold, lead, nickel, platinum, silver. 
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Effective no.of atoms: (n) 

In FCC structure effective no.of corner atom is  8x1/8 = 1. 

Each face centered atom is shared by two unit cells, there are six faces in a 

unit cell of cubic structure. 

Therefore, the effective face-centered atoms = 1/2x6=3 

Thus, effective no.of atoms in FCC unit cell, 

n = 1/8x8+1/2x6=1+3=4atoms 
 

Packing factor (p.f): 

From le ABC, AC2 =AB2+BC2 

(4r) 2 = a2 + a 2 

16r2 =2 a2 

8r2= a2 ; a=2 x /√2r 
 

We know that; 

Volume of the unit cell = a3 = (2 x /√2r)3 

Volume of the atom in the unit cell = n.4/3 πr3 

= 4x4/3 πr3 

Packing factor (p.f): P.f = Volume of the atom in the unit cell/ Volume of the unit cell 

= 4x4/3 πr3 /(2 x /√2r )3 

=0.74 or 74% P.f is high compared to S.C.C and B.C.C 

a 
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Hexagonal close-packed (HCP) structure: 
 

 

 
The atoms in HCP unit cell touch each other. 

Since the corner atoms are touching, a = 2r 

Effective no. of atoms: (n) 

There are six corner atoms on both top and bottom layers and each corner atom accounts for 1/6 

atom. 

Thus contribution from the corner atoms is 2(1/6x6) =2. 

Also, there are 3 atoms in the middle layer which are not shared by any other unit cell. 

The atoms at the center of top and bottom layers one atom (1/2x2=1) 

Thus, effective no. of atoms in HCP unit cell, 

n =2(1/6x6) +3+ (1/2x2) =2+3+1=6 
 

Packing factor (p.f): 

Volume of unit cell can be found by finding out the area of the basal plane and then multiplying 

this by its height 
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Area of basal plane is the area ABDEFG.this area is six times the equilateral triangle ABC 

Area of ABC = 1/ 2 x b x h 

= 1/2 x a x a sin 600 

= 1/2 x a2 x sin 600 

Total area of the basal plane = 6 x 1/2 a2  sin60=3 a2  sin600 
 

 

Vol of unit cell = Area of basal plane x height 

= 3 a2  sin600 x c 

We know; a = 2r 

Vol of atoms in unit cell = n.4/3 πr3 = 6x4/3 πr3 

Packing factor (p.f):= Volume of the atom in the unit cell/ Volume of the unit cell 
 

= 6x4/3 π (a/2)3 /3a2sin60xc 

= π a /3xc xsin600 

The c/a ratio for ideal H.C.P crystal structure is 1.633 
 

= π /3x1.633 xsin600 =0.74 or 74% 

Examples - cadmium, zinc, magnesium, cobalt, zirconium, titanium, beryllium. 
 

P.f is 74% and hence it is closely packed structure. 
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CRYSTALLIZATION OF METALS 

 Crystallization or solidification is the process of transition from the liquid state. When the 

molten metal is cooled, the whole mass does not solidify instantaneously. 

It comprises two steps 

1. Nucleation (the formation of stable nuclei in the melt) 

2. Grain or crystal growth (the growth of nuclei into crystal and the formation of the grain 

structure.) 
 

 

GRAIN 
 

Solidified metal containing many crystals is called polycrystalline metals. The crystals in 

polycrystalline metals are of irregular shape and are called grains. 

GRAIN BOUNDARIES 
 

A grain boundary is the interface between two grains, or crystallites, in a polycrystalline 

material 
 

Or 

 

 
A grain boundary may be defined as the region b/w two adjacent grains 

The grain size expressed in terms of number of grains per unit area or volume 

http://en.wikipedia.org/wiki/Crystallite
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Factors affecting grain size 

 Size of grain depends on rate of nucleation and rate of crystal growth 

 The combination of high rate of nucleation (N) with a slow rate of crystal growth (G) 

yields fine grains this combination can be achieved due to rapid cooling 

 At faster rate of cooling a large no of grains are nucleated and there is less time for them 

to grow 

 A high value of (G) and low value of (N) coarse grains are formed this combination can 

be achieves in slow rate of cooling 

 Besides the rate of cooling and rate of nucleation the grain size also depends on the 

temperature of liquid metal, the chemical composition and the impurities present there in 

 When the grain size is small the structure of the metal is known as “fine grained 

structure” 

 When the grain size is large the structure of the metal is known as “coarse grained 

structure” 





Effect of grain size on properties: 
 

 The grain size of the metal strongly effects its mechanical properties 

 Metals and alloys are stronger if the grain size is reduced there fore every effort is 

made to produce structure with fine grains 

 Metals with fine grain structure possess high strength and hardness also they 

possesses high fatigue strength and toughness (i.e, resistance to impact). 

 Metals with coarse grain structure possesses less tough and less hard but exhibit 

better creep resistance 

 Coarse grain structure gives high ductility good machinability and formability but 

decrease the hardenability 
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GRAIN SIZE DETERMINATION 

Three basic methods has recomondded by ASTM (AMERICAN STANDARD TESTING 

AND MATERIALS) 

1. Comparison method 

2. Heyn method or intercept method 

3. Planimetric method or Jeffries method 

1. Comparison method:- 

In this method the grain size is measured by comparison under a magnification of 100X(after 

etching )with standard grain size AS 

 

 

 
Where  N = no of grains per inch square at a magnification of 100 X 

n=ASTM grain size number 
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2. Heyn method or intercept method : 

Grain size may be estimated by using an intercept method, described below: 

 Straight lines, all of the same length are drawn through several photomicrographs that 

shoe the grain structure. 

 The grains intersected by each line segment are counted. 

 The line length is then divided by an average of no.of grains intersected, taken over 

all the line segments. 

 The average grain diameter is found by dividing this result by the linear 

magnifications of the photomicrographs. 

To each assigned a number, the smaller the grains. 

A specimen must be properly of 100x. 

Grain size is expressed as the grain size no of the chart that most nearly matches the 

grains in the micrograph. 

Thus, a relatively simple and convenient visual determination of grain size number is 

possible. 

Grain size number is used extensively in the specification of steels. 

IMPERFECTIONS IN CRYSTALS 

The perfectly regular crystal structures that have been considered upto now are called ideal 

crystals in which atoms are arranged in a regular way. 

In actual crystals, however, imperfections or defects are always present and their nature and 

effects are very important in understanding the properties of crystals. 

These imperfections affect the properties of crystals such as mechanical strength, chemical 

reactions, electrical properties etc. to a great extent. 

Crystal defects are classified as : 

 Point defects or zero dimensional defect 

 Line defects or one dimensional defect 

 Surface defects or two dimensional defect 

 Volume defect 
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1. Point defects: 

Point defects are imperfect point like regions in a crystal. The size of a point defect is one or two 

atomic diameters. 

These defects are completely local in effect, e.g.,a vacant lattice. 

Point imperfections are always present in crystals and their presence results in a decrease in the 

free energy. 

The point defects may created as follows: 

 By thermal fluctuations 

 By quenching (quick cooling) from a higher temperature 

 By severe deformation of the crystal lattice; e.g., by hammering or rolling. 

The various point defects are discussed as below: 

1. Vacancy 

A vacancy is the simplest point defect and involves a missing atom within a metal. These 

defects may come up as result of imperfect packing during the original crystallization. 

They may also arise from the thermal vibrations of the atoms at high temperatures. 

2. Schottky imperfections 

These are closely related to vacancies but are found in compounds with must maintain a 

charge balance. 

In schottky defect the removal of positive ion must be counter balanced by the removal of 

negative ion in order to maintain neutrality. 

The pair of vacancies caused by removal of positive ion and negative ion is called 

schottky defect. 

3. Interstitialcy 

It is formed when an extra atom is inserted into the lattice at a normally unoccupied site. 

This results in atomic distortion. 

The foreign atom may form added alloying agent or simply an impurity. 

The vacancy and interstitialcy are therefore, inverse phenomena. 

4. Frenkel defect 

If a ion displaced from the normal lattice point to an interstial site, then the defect is 

known as frankel defect. 
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The interstitials and frankel defects are less in number than vacancies and schottky 

defects, because additional energy is required to force the atom into the new position. 
 

 
 

 

2. Line defects: 

 A linear disturbance of the atomic arrangement, which can move very easily on the slip  

plane through the crystal is known as dislocation. 

 This dislocation may be caused during growth of crystal form a melt or form a vapour or 

they may occur during a slip. 

 This defect is created along a line which is also the boundary between the slipped and 

unslipped regions of the crystal. This defect is common called a “dislocation” and the 

boundary as the “dislocation line”. 

Types of dislocations are: 

 Edge dislocation (or taylor-orowan dislocation) 

 Screw dislocation 

1. Edge dislocation 

 An edge dislocation may be described as an extra plane of atoms within a crystal 

structure. It is accompanied by zones of compression and tension so that there is a  

net increase in energy along a dislocation. 

 The displacement distance for atoms around the dislocation is called the “BURGER 

VECTOR”(b). This vector is at right angle to the edge dislocation. 

 In case of edge dislocation this vector is perpendicular to the dislocation line 
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2. Screw dislocation 

 In screw dislocation the atoms are displaced in two separate planes perpendicular to 

each other. 

 The lattice points trace a helical path around the dislocation, therefore it is called 

“screw dislocation”. 

 A screw dislocation has its displacements of burger’s vector parallel to the linear defect 

but there is a distortion of the plane. 

 The displacements of the atoms from their original position in the crystal is described 

by the equation: 

 r = bθ/2π (spiral ramp) 

 where, r= the displacement along the dislocation line, 

 θ = the angle measured from some axis perpendicular to the dislocation line. 

 The following dislocation of a screw dislocation are of great importance: 

 Plastic deformation is possible under low stress, without breaking the continuity of the 

lattice. 

 The force required to form and move a screw dislocation is probably somewhat greater 

than that required to initiate an edge dislocation. 

 Screw dislocation causes distortion of a considerable distance from the centre of the 

line and takes the form of spiral distortion of the planes. 

 Dislocation of both types (combinations of edge and screw) are closely associated with 

crystallization as well as deformation 
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3. Surface defects: 

Surface defects are the two dimensional regions in a crystal. They arise from a change in the 

stacking of atomic planes on across a boundary. 

They are the following two types: 

 External defects 

 Internal defects 

1. External defects 

 The external type is just what its name implies, the defects or imperfections 

represented by a boundary. 

 The external surface of the material is an imperfection itself, because the atomic 

bonds do not extend beyond it. 

 The surface atoms have neighbours on one side only, while the atoms inside the  

crystal have neighbours on either side of them. 

 Since these surface atoms are not entirely surrounded by others, they possess higher 

energy than those of internal atoms. 

2. Internal defects 

a) Grain boundaries: 

 Grain boundary is a narrow region between two grains of about two to few atomic 

diameters in width, and is the region of atomic mismatch between adjacent grains. 

 Atoms are arranged less regularly at the grain boundary. This produce less efficient 

packing of the atoms at the boundary. 

 Thus the atoms along the grain boundary have a higher energy than those within  

the grains. 

 If the orientation between two neighbouring grains is less than 100, then it is called 

low angle boundary or tilt boundary. In general low angle boundary may be 

regarded as an array of dislocations. 

 If the mismatch is more than 10-150, the grain boundary is known as high angle 

grain boundary. 
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At the grain boundary, there is a disturbance in the atomic packing. 

b) Tilt boundary: 

 The simplest grain boundary consists of a configuration of edge 

dislocations between two grains. 

 The misfit in the orientation of the two grains (one on each side of the 

boundary) is accommodated by a perturbation of the regular arrangement 

of crystals in the boundary region. 

  Fig shows some vertical atomic planes termination in the boundary and 

each termination is represented by an edge dislocation. 
 

Low-angle tilt boundary 

• The mis-orientation at the boundary is related to spacing between dislocations, 

D, by the following relation: 
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for q very small) 
 

where b is the Burgers vector. 

• As the mis-orientation q increases, the spacing between dislocations is reduced, 

until, at large angles, the description of the boundary in terms of simple 

dislocation arrangements does not make sense. 

• For such a case,  becomes so large that the dislocations are separated by one 

or two atomic spacing; 

• the dislocation core energy becomes important and the linear elasticity 

does not hold. 

•  Therefore, the grain boundary becomes a region of severe localized 

disorder. 

 Boundaries consisting entirely of edge dislocations are called tilt boundaries,  

because the misorientation 

c) Twist (twin boundary) 

 A boundary consisting entirely of screw dislocations is called twist boundary, 

because the misorientation can be described by a relative rotation of two grains 

about an axis. 

 It is possible to produce misorientations between grains by combined tilt and 

twist boundaries. In such a case, the grain boundary structure will consist of a 

network of edge and screw dislocations. 
 

Low angle twist boundary 
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Twin Boundary: when the boundaries in which the atomic arrangement on one side of the 

boundary is some what mirror image of the arrangement of atoms of other side, the defect is known 

twin boundary 
 

 
4. volume defects: 

 the volume defects are caused due to coglomarations of vacancies in a small region within 

crystal or the presence of foreign atoms large sizes compared on atomic scale. 

 The accumulation of vacancies produces voids, while the foreign atoms produce 

dissymmetry within crystals. 

 These defects effects properties of metal. 

 Bulk or volume defects are normally introduced during processing processing and 

fabrication steps. 

THEORY OF DISLOCATION 
 

 Dislocations are defined as the irregularities in the structure of metals. 

 These arise from misplacement of bonds the atoms in a part of the plane of a crystal and  

are considered to be weak centres. 

 They are instrumental in affecting the breaking stress and plastic and chemical properties 

of crystals. 

 It is believed that dislocations originate mainly when a crystal is stressed, but some may 

be produced during the solidification of the metal, due to impurity atoms and thermal 

vibrations. 

 In good crystals the normal density of dislocation lines is around 108/cm2 where as in 

deformed crystals it may be as high as 102/cm2. 
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IMPORTANT TERMS 
 

System: A part of the universe under study is called system. 
 

Phase:Phase is a homogeneous, physically distinct and mechanically separable part 

of the system under study. 

Component: Pure metal of which the alloy is composed. 

Solubility limit:Maximum concentration of solute that can dissolve in solvent 
 

Variable: A particular phase exists under various conditions of temperature, 

pressure and concentration. These parameters are called as the variables of the 

phase. 

Component:The elements present in the system are called as components. 

Example- Cu-Al system contains compounds CuAl and CuAl2 and therefore, all 

compositions can be expressed by the molecular species of Cu and Al and hence it 

is two component system i.e. binary system. 

Alloy: 

Alloy is mixture of two or more elements having metallic properties. The element present 

in the largest proportions is a metal and others can be metals or non-metals. 

The element which is present in the largest amount is called as the base metal or parent 

metal or solvent and other elements are called as alloying elements or solute. 

Constitution: 

 The constitution of an alloy is described by 

• the phases present 

• the weight fraction of each phase 

• the composition of each phase 

 The equilibrium constitution is when the alloy has no further tendency to change at a 

given temperature and pressure 

ALLOYING ELEMENTS 
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The elements deliberately added to the steel in order to modify its properties are called alloying 

elements. 

 

 
Classification of alloying elements: 

 

1. Based on their relation with carbon, alloying elements may classified as: 
 

o Graphitizing elements – silicon, nickel, copper and aluminium. 

These elements may cause the breakdown of cementile and lead to the presence of 

graphite in the alloy. This result is a decrease in the strength and hardness. 

o Carbide forming elements – manganese, chromium, molybdenum, tungsten, etc. 

These elements may form stable, hard carbides, and if they are in appropriate 

form (fine carbide particles) increases the strength and hardness 

o Neutral elements – cobalt 

These elements neither form carbides nor causes graphitization. 
 

2. Based on their effect on critical points, alloying elements may be classified as: 
 

o Austenite stabilizers – nickel, copper, manganese, cobalt 

They arise A4 point and lower A3 point. Thus they increase the range of stability 

of austenite. 

o Ferrite stabilizers – chromium, molybdenum, vanadium 

They lowers A4 point and rise A3 point. Thus they increase the range of stability 

of ferrite. 

Necessity of alloying: 
 

Alloying elements are added to achieve  the properties suitable  for service conditions. The 

reasons for alloying may be one or more of the following. 

 To improve the hardness and wear resistance. 

 To improve corrosion resistance. 

 To improve magnetic and electrical properties. 

 To improve strength and toughness. 
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 To improve machinability, weldability, hardenability. 

 To retain properties at elevated temperature. 



SOLID SOLUTION 
 

A solid solution is formed when two metals are completely soluble in solid state and also 

completely soluble in liquid state. 

In other words, when homogeneous mixture of two or more kinds of atoms (metals) occur in the 

solid state, they are known as a solid solutions. 

Types of solid solution: 
 

o Substitutional solid solution 

o Interstitial solid solution 

 Substitutional solid solution: 

o it means the atoms of B element i.e solute are substituted at the atomic sizes of A 

element i.e solvent. 

o Depending up on the distribution of B atoms in A, Substitutional solid solutions 

are classified into two types 

 Regular or ordered 
 

 Random or disordered 
 

In regular solid solution, the substitution of B atoms in A by a definite order. 

While there is no definite order or regularity in random solid solution. 

o Au-Cu solid solution shows ordered structure upto 4000C and disordered structure 

at high temperature. 

o Complete regularity through the structure is possible only when two metals are 

mixed in some proportion like 1:1, 3:1 etc. 

o Substitutional solid solution formation is favored if the atomic sizes of two metals 

are nearly equal. 

o Ordered substitutional solid solution alloys in general are hard and require more 

energy for plastic deformation than disordered substitutional solid solution alloys. 
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 Interstitutional solid solution: 

o In inter solid solutions; the atoms of B occupy the interstitial sites of A. 

o This type of solid solution formation is favored when the atomic size of B is very 

much small as compared to the atomic size of A. 

o The elements which can form interstitial solid solution with iron are carbon, 

boron, oxygen, hydrogen, nitrogen. 
 
 

 

 Properties of solid solution 

o Soft 

o Ductile 

o Malleable 

 Advantages of solid solution 
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o Easily cold rolled 

o Pressed or worked 

HUME-ROTHERY’S RULES OF SOLID SOLUBILITY 
 

In formation of solid solutions, the solubility limit of solute in the solvent is governed by 

certain factors. These factors are known as hume-rothery rules of solid solubility. They are 

as below: 

 Atomic size factor: 

o If the atomic sizes of solute and solvent differ by less than 15%, it is said to have 

a favorable size factor for solid solution formation. 

o If the atomic size difference exceeds 15%, solid solubility is limited. 

 Chemical affinity factor: 

o The greater the chemical affinity of two metals, the more restricted is their solid 

solubility and greater is the tendency of formation of a compound. 

 Relative valency factor: 

o A metal of higher valency can dissolve only a small amount of a lower valency 

metal. 

o While the lower valency metal may have good solubility for the higher valency 

metal. 

 Crystal structure factor: 

o Metals having same crystal structure will have greater solubility. 

o Differences in crystal structure limit the solid solubility. 

For continuous solid solubility, atomic size difference should preferably be less than 8% 

with other factors favorable. 

INTERMEDIATE ALLOY PHASES AND ELECTRON COMPOUNDS 
 

 When an alloying element (solute) is added to a given metal (solvent) in such an amount 

that the limit of solid solubility exceed, a second phase appears with the solid solution. 

 This second phase may be another solid solution or an intermediate phase. 
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 These intermediate phases differ in composition as well as crystal structure from the 

parent metals and hence their properties also different. 

 These phases may have narrow or wide ranges of homogeneity and may or may not have 

simple chemical formula. 

 Some intermediate phases have a fixed composition and they are called intermetallic 

compounds 

 In general intermetallic compounds are hard, brittle and have high melting points. 

 The intermediate phases in which the ratio of number of free electrons to the number of 

atoms is constant are called electron compounds and they exhibit similar characteristics. 

 Intermediate phases exhibit order-disorder transformation. 

Example- β brass in Cu-Zn alloy system is disorder between 453 and 4700C and order at 

a lower temperature. 
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1. Cast and Ib importance:- 
 

 

Cast iron are basically alloys of iron and carbon like steels in which the carbon percentage 

varies between 2.0 to 6.67% solubility limit of carbon will be more than that in austenite and 

less than the carbon content of cementite. High carbon percentage makes cast iron very brittle. 

There four most commercially manufactured cast iron has 2.5 to 4% carbon. 

Cast iron cannot be rolled drawn or worked at room temperature as cast iron has very low 

ductility and poor malleability. But cast iron can be readily melted and casted into complicated 

shapes. It can be machine to the final dimension if needed. The only suitable process applied to 

these alloys is casting. Hence the name given as “cast iron”. 

Raw materials used in the manufacture of cast iron are cheap, hence it is the cheapest alloy 

among the commercial alloys. The melting temperature of cast iron is in the range of 1150-1250 
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C which is less when compared to the melting temperature of steel hence it is easy to melt cast 

iron has good corrosion resistance. 

2. Advantage of steel over cast iron:- 
 

1. Steels can be hardened and temperature. 

 
2. Steels are tough and more elastic than cast iron. 

 
3. Steels can be readily forged and welded compared to cast iron. 

 
4. Steels can be permanently magnetized, where as cast iron cannot. 

 
5. Steels are ductile. 

 
6. Tensile strength of steel is better than cast iron. 

 
7. Steels are not affected by salty water, where as cast iron becomes soft in salty water. 

 
3. Heat treatment of cast iron:- 

 

The various heat treatments given to cast iron are 

 
1. Stress relieving. 3. Normalizing. 

2. Annealing. 4. Hardening and tempering. 

 
5. Austempering 

 
1.  Stress relieving:- 

 

It is the type of heat treatment usually applied to cast iron in order to relieve residual 

stresses which may reduce strength, cause distortion and in some extreme case even result in 

cracking. This type of heat treatment is most frequently applied for gray cast iron by heating it to 

a temperature range of 500 to 550°C Cunning remove residual stresses present. 

2. Annealing:- 
 

Annealing is a heat treatment given to cast iron in order to soften the casting and to improve 

their machinability and ductility. For roost gray of 850 to 900°c. to soften it and thus improve it  

machinability. For spheroidal graphite cast iron annealing girl done to increase in toughness and 

ductility. 
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The white cast iron has cementite structure which is very hard and brittle. So annealing 

heat treatment process is used to make the white cast iron poet i.e.malleable. 

3. Normalizing: - 

This is one of the Simplest heat treatment frequently applied to casting, forging etc... To 

refine grain structure to relive stresses and to increase strength and hardness. Normalizing girl a 

process of heat treatment given to gray cast iron by heating it to a temperature above the 

transformation range normalizing is done by cooling it in air from 900 to 920°c temperature 

4.  Hardening and tempering:- 
 

Hardening and tempering heat treatment are applied to cast iron to increase it strength 

hardness and abrasion resistance. Hardening is a process of heat treatment applied for cast iron by 

heating it to a. temperature range of 860 to 900°c, where as tempering is the process of heat 

treatment applied for quenching cast iron. Tempering is of two types. Low temperature tempering 

having temperature range of 200 to 250°c came high temperature tempering having temperature 

range from 300 to 350°c. Tempering applied to cast iron improve it machinability strength and 

toughness. 

 
 

5. Austempering:-  

It is the heat treatment process, art iron are first heated duo a temperature of 850 to 

900°c and them quenched in a bath at 500 to 550°c. Generally, this is applied on the casting to  

increase hardness, ductility, toughness. 

4- VARIOUS TYPES of CAST IRON 

The types of cast iron are as follows 

 
1 White cast iron:- 

 

All the carbon's are in combined form as cementite 

2Malleable cast iron:- 
 

All the carbons are to combined in the form of irregular sound particles called temper carbon 

heat treatment of white cast iron given malleable cast iron 
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3  Gray cast iron:- 
 

All urn carbons are uncombined in the form of graphite flakes 

4  Nodular cast iron:- 
 

By addition of special alloys the carbon is largely uncombined in the form compact spheroids 

white cast iron:- 
 

The fact that is freshly broken surface shows a bright white fature given the name as 

white cast iron. White cast iron has almost all in carbon chemically bonded whither the iron as 

iron carbide. Iron carbide egress very hard and brittle. Thus white cast iron possesses excellent 

abrussive white resistance under normal conditions white cast iron is brittle and not machinacle 

Malleable cast iron:- 
 

Malleable cast iron can be hammered and rolled un get different shapes. Through a 

controlled neat conversation processes me white cast iron malleable cast iron is obtained. An alloy 

malleable cast iron contains chromium mane nickel and hence they have high strength and are 

corrosion resistant. Malleable cast iron possesses high yield strength low coefficient of thermal 

expansion lone year resistance and good vibration capacity 

Grey cast iron:- 
 

Gray cast iron is basically an alloy me carbon and silicon with iron. It is readily cast into 

a sand mouldun get required shapes. It is marked by the presence me graphite flake in a matrix of 

ferrite, pearlite or austenite 10% of metal volume is occupied by the granite flakes. Length of the  

flakes may very from 0.05mm to 0.1mm, gray cast iron posses low melting point among the ferrous 

alloy. Gray cast iron can be cast into complex shapes and thin section due un high fluidity. It also 

posses a good machinability, high resistance to wear and also a high vibration damping capacity. 

Gray cast iron has a excellent casting quality for the production me simple and complex shapes 

Nodular cast iron:- 
 

Nodular cast iron is also known as the ductile iron. Unlike The long flakes in the gray cost 

iron, granites appear as rounded particle or nodular. The spheroidizin element when added un melt 

estimate suphur and oxygen which change the solidification characteristics and possibly 
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account for nodulizing. Ductile cast iron possess shone machinability. The properties of ductile  

cast iron depend on the metal composition name the cooling rate. It possess good cast ability and 

excellent wear resistance. Nodular cast iron is mostly used in internal combustion engines. 

5- Properties of white cast iron and gray cast iron:- 
 

W.C.I:- 
 

1) Due to the presence of cementite in large amount white cast iron are hard and brittle. 

 
2) It has wear resistance properties 

3) Due un high hard mess,it is not machinable 

 
G.C.I:- 

1 It has high vibration damping capacity. 

2 It mechinability is better compared to w.c.i. 

3Rigidity of G.C.I Is high. 

4 High compressive strength. 

5 High wear resistance properties 

 
6- Malleabilizing treatment of white cast iron:- 

 

White cast iron consists me cementite which is very hard and brittle so in order to make 

the white cast iron soft and malleable, heat treatment is carried out. Cementite egress a malleable 

phase which decomposes in to iron and carbon. A Very long time heat treatment at higher 

temperature is called mallebilizing treatment. 

This treatment contests the cementite in white cast iron into irregular nodules of temper 

carbon and ferrite. It consists me heating the white cast iron at a temperature around 900°c for long 

time. This process is carried out in two stages i.e... First stage annealing and second stage 

annealing. 

It first stage annealing, white cast iron is heated in non-oxidizing environment to temperature 

at 900°c. This heating contests the pearlite into austenite at lower critical temperature. The 

austenite thus formed dissolves some more cementite during heating. 
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The graphitization starts by precipitation of a graphite nucleus. Which. Grows in all 

direction giving irregular nodules or spheroidal shape called temper carbon formed at a interface 

area b/w primary carbides and saturated austenite. The rate of decomposition of primary carbide 

increase with increase in annealing temperature and results in production me note graphite 

particles per unit area. The casting is them soaked at 900°c for two or more days. This results in 

spherical shape of graphite in austenite by breaking down the cementite. 

In second stage annealing, the casting is them cooled very slowly, resulting gin changing of 

austenite into ferrite and more graphite. After completion of graphitization, there is no change in 

structure during cooling up to room temperature and the micro structure at this stage consists of 

tempered carbon nodules in a ferrite matrix, 

 
7- Malleable iron and ductile iron in terms of:- 

 

1) Manufacturing process 

2) Structure 

3) Properties 

4) Applications 

 
Manufacturing process: 

 

Malleable cast iron is produced is by heat treating white cast iron. The heat treatment 

involves is annealing. Two stages are annealing are involved in first stage annealing, the 

white cast iron is slowly heated to a temperature b/w 900c to 950c. in second stage of 

annealing, the obtained casting is cooled slowly. 

Ductile cast iron is produced by the addition of elements like calcium, sodium 

and magnesium to the molten metal. it is obtained directly by solidification and does not 

require heat treatment. 

Structure: 
 

Micro structure of malleable cast iron contains white ferritic layer with 

nodules of temper carbon in ferric (or) peralite matrix and that of black heat malleable cast iron 

consists of white ferric layer with nodules of tempered carbon ferritic matrix. 
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Micro structure of ductile cast iron consist of nodules of graphite in ferritic (or) 

perlitic matrix. 

Properties: 
 

Malleable cast iron has good wear resistance, vibration damping capacity high yield 

strength good cast ability and machinability. But malleable cast iron can’t be draw into wires i.e.. 

Ductility is very poor. 

Applications: 

 

Malleable cast iron is used in automotive industry brakes, crankshaft and cam shafts. 

Ductile cast iron is used in metalworking rules, gears and sheat metal dies. 

Gray cast iron:- 

 

Properties and users why gray cost iron is brittle ,while malleable iron is not? 

 

 Properties 

 
1 it has high compressive strength 

2 It has high fluidity 

3 high self damping capacity 

4 High resistance to wear 

5 good machinabilily 

 

Users:- 

 
1 gray cast iron is used in machine tool stretchers such as beds base for different types of 

machine tools frames etc. 

2 Piston rings and engine frames 

 
3 polling mills and general machinery parts 

 
4 lower grade of gray cast iron is used for clutch plates brake drunk 

5 water pipes 
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Gray cast iron is brittle due to the presence of 

Graphite flaks where as in malleable cast iron 

Graphite appears as spherical particles 

Graphite flakes in gray cast iron is surrounded by ferrite areas 
 

The cast irons containing graphite in the form of flakes are called gray cast iron. The 

graphite in these cast iron is formed during freezing. The graphite flakes interrupt the steel like  

matrix to a large extend most gray cast irons are hypoeutectic alloys containing between 2.5 and 

4%carbon these alloys first solidity by forming primary anisnite the initial appearance of combined 

resulting from the eulacte reaction at 2065f the cementite resulting from will graphite rapidly the 

graphite appears irregular generally elongated and curved plates which gives gray cast iron its 

characteristic gray cast iron its characteristic grayish color when fractured 

During continued cooling there is addition perception of carbon became as of decreased 

in solubility of carbon in assistance the carbon is participated as graphite which promptly 

graharities 

The strength of gray cast iron depends on the matrix in which the graphite is embedded.  

This matrix is largely determined by the condition of eutectoid cementite also graphitizes, and then 

matrix will be entirely ferrite. 

Since, gray cast iron is soft and ductile; the matrix will be purely ferritic. 

 
Nodular cast iron:- 

1) It is possible un make nodular iron by heat treatment 

A) Nodular cast iron does not require heat treatment, they are usually obtained as a result me 

solidification. 

Nodular cast iron are produced from gray cast iron by the addition me small quantity 

me certain element called as nodulizing elements usually magnesium is added un gray cast iron 

melt in the ladle just prior un pouring into hemoulds. 

These cast iron do not suffer from the defects of gray acrylic iron such as growth and 

free cracks when used at elevated temperature. Hence, gray cast irons do not need heat treatment 

as they are obtained from solidification. 
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WHY SHOULD THE SULPHUR CONTENT IS BELOW IN THE MANUFACTURE ME 

NODULARIRON? 

The nodulizing elements have strong affinity for sulphur and they separate with sulphur from 

the molten bath as an initial step in producing nodular graphite. 

The addition are expensive and hence for effective utilization of there elements. The gray 

iron melt should contain less amount me sulphur i.e<0.03%. 

 
MIN THE MANUFACTURE ME NODULAR IRON WHY ARE INOCULANTS ADDED 

ONLY JUST BEFORE CASTING..? 

The best method me reducing the size and improving the distribution me granite flakes is 

by the addition me small amount me material called inoculant such as aluminium, magnesium, 

titanium mane silicon carbide etc. and there when added night increases the nucleation rate giving 

rise to a find interrupt the continuity me the matrix much less than the saphite flakes Due un this 

s.g cast iron has a high strength and toughness when compared un the same structure of the gray 

iron. 

The general composition me s.g cast iron is 

carbon 

silicon 

manganese 

sulphur 

phosphorus 

magnesium 

To increase the strength and hardess of s.g cast iron nickel may be added as an allying 

elements 

THE PROPERTIES ME S.G CAST IRON 

1 The strength of s.g cast iron is equal un Vietnam of steel 

2 It also has good toughness and ductility 

3 It has superior wear resistance 

4 It has good strength and stock resistance 

5 This type me cast iron is more ductile and stronger than gray cast iron. 
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Applications: 
 

The S.G cost vrons are widely used for 1) crank shafp, 2) valves, 3) hydraulic 

cylinders, 4) cylinder heads, 5) connecting rods. 

A major application of this, is in marine and steam plants due to the fact S.G cost vron has 

good compression and corrosion resistance. 

Q: Effect of sulphur, manganese, silicon, and phosphorous on the properties of plain carbon 

steels. 

Ans: 

 
Sulphur: a) Vmproves machinability of steels. 

 
b) Reduces ductility and toughness. 

 
c) Increases hardness and brittleness. 

 
d) Addition of sulphur is limited to 0.05%. 

 
Manganese: 

 
a) Reduces ductility and weldability when present in high amount with high 

Carlon content. 

b) Counteracts brittleness from sulpher. 

 
c) Increases yield strength, tensile strength, toughness and hardness. 

 
Silicon: 

 
a) Increases strength, hardness and toughness without loss of ductility. 

 
b) It is strong deoxidizer. 

 
c) Improves oxidation resistance. 

 
d) Increases permeability of steel. 

 
e) Strengthens low alloy steels. 
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Phosphorus: 
 

a) it dissolves in ferrite and increases hardness and tensile. 

 
b) increases resistance to corrosion. 

 
c) improves machinability. 

 
d) strengthens low carlon steel 

 
Q: AISI-SAE classification of steels. 

 
Ans: American iron and steel institltion (AISI) adopted and expanded the 

standardization for steel used in the automotive indvstry which was provided by society of 

auhmotive engineers. They identified both plain carlons and alloy steel by a four digit number. In 

this case first digit indicates the mazor alloying element the second indicate the trimary alloying 

element and the last two digit indicate the carlon content in percentage value. 

 

AISI Number 
Type 

1xxx Carbon steel 

10xx Plain carbon 

2xxx Nickel steel 

3xxx Nickel chromium 

 
 

Q: Red shortness and cold shortness. 
 

Ans: 

 
Red shortness: Red shortness is the fragmentation of the steel by fractures and 

fissures developed along the grain boundaries due to working of steel at rolling or forging 

temperature. 

Cold shortness: Cold shortness is due to the distortion of crystal latice by the prerence 

of phosphorus as solid solution in ferrite which increases yeild point and tensile strength. 
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Q: 

 
Stainless steel: Adding a small percentage of chromium to plain carbon steels for the 

formation for the formation of hard carbider when dispersed as fine precipitates, they increase 

and hardness and reduces the critical cooling rate. To improve hardenability with a less rapid 

cooling martenstic structure can be obtained. The amount of chromium added is less than 2%. By 

adding a large amount of chromium the corrosion resistance of the steels can be improved. But 

the rate of corrosion resistance decreases if the amount of chromium added is more than 12%. In 

general there are many types of stainless steels some of them are feritile, martersitic and 

arestenitic. 

Austenitic stainless steal: The steels that contan 16% to 26% chromium more than 6% of 

nickel and a less percentage of carbon(0.1%) are austenitic steels. A steel of this group has the 

following composition 0.5% carbon, 18% chromium and 8.5% nickel. The steels which has 

percentage of chromium and nickel in the ratio 18:8 as they are terminated as 18/8 stainless 

steels. A steel without nickels called ferritic steel. The presence of nickel in stainless steal is to 

give them an aurstenite phase, this will be increased when the amount of nickel is increased. The 

increase in this aurstinite phase will be upto a point where the alloy becomes completely 

austeritic at all temperatures there steels cannot be hardend by the process of oueneching. 

Q: Different kinds of carbon steels give their carbon context? 

 
Ans: Carbon steels are the alloys of iron and carbon. There are different from cast iron in 

percentage of carbon. These are also known as plain carbon steels and are classified depending 

on the carbon context. 

1) Low carbon steels (0.008 - 0.30%) 

2) Medium carbon steels (0.30 – 0.60%) 

3) High carbon steels (0.60 – 2.0%) 

 
1) Low carbon steels: (0.008 - 0.30%) 

 
It is also called as mild steels. They can be easily rolled into steels, hence good for 

cold working purpose. Good for fabrication work by welding, pressing or mechining. They are 
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machinable, weldable, soft, malleable, auctile, tough and cannot be hardened by heat treatment 

process. 

They are again classified according to carbon percentage. 

 
a) Dead mild steel with 0.05 – 0.15% carbon: 

 

This is used in making steel wires, reverse pipes, screws, nails and chains. Hardness of 

the steel will be about 115BHN and tensile strength about 390 N/mm2. 

b) Mild steel with 0.15 - 0.20% carbon: 

 
Used for making com shafh sheel and strips hardness of the steel is 125 BHN with a 

tensile strength of 420 N/mm2. 

c) Mild steel with 0.20 - 0.30% carbon: 

 
It is used valves, gears, crank shafp, connecting rods, railway axles etc.. Hardness of the 

steel is 140 BHN and tensile strength is a bout 555 N/mm2. 

2) Medium carbon steel (0.30 - 0.60%) carbon: 

 
They have intermediate properties. High cooling rates are needed for hardening and less 

hardness is obtained they are malleable not so ductile medium tough. 

They are again classified according to the carbon %. 

 
a) carbon steel with (0.20 - 0.45% carbon) : 

 
Used for making clihs gear shafh connecting rods tensile strength is 750 N/mm2 and 

hardness of the steel is 200 BHN 

b) Steel with (0.45 - 0.55% carbon) : 

 
used for making harb with are subzeeted to shock and heavy reversal loading .like axels 

crankshafb. tensile is 100 N/mm2 and hardness of the steel is 300 BHN . 

c) steel with (0.55 to 0.6% carbon) : 

Used for making valve springs, die, blocles, clutch dises, cushion rings etc.. 

Tensile strength is 1230 N/mm2 and hardness of the steel is 400 - 450 BHN. 
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3) High carbon steels (0.6 to 2.0/carbon) : 

 
These are hardened by the heat treatment process for high hardness. Depth of hardening and 

hardenability depth. It cannot be cold worked. 

They are classified based on the carbon percentage. 

 
a) Steel with 0.7 – 08% carbon: 

 
used for making cold chisels, wrenches, etc.. The tensile strength is 1400 N/mm2 and 

hardness is 450 – 500 BHN. 

b) Steel with 0.8 - 0.9% carbon: 

 
used for making rock drilb railway lines etc.. The tensile strength is 660N/mm2 and 

hardness is 500 - 600 BHN. 

c) Steel with 0.9 - 1.0% carbon: 

 
Used for making punches and dies speed discoek the tensile strength is 580 N/mm2 and 

hardness 550-600 BHN. 

Q: Advantages of maraging steel as compared to regular stainless steel. 

 
These special types of steel are air hardened by martenitic transformation and 

subsequently precipitation hardened by a ging hence the name maraging steels. 

1) These steel are capable of attaining tensile strength of upto 210kg/mm. 

 
2) Has excellent fracture toughness. 

 
3) Used for special application like rocket engines and engine components, injection 

moulds, dies, pressure vessels. 

4) Has high strength as they are hardened and properly aged. 

 
Q:       What is high speed steel. Give the typical compositing of high speed steel. Explain the part 

played by each of the alloying element in tool steel . explain treatment process of high speed steel. 

Ans:     High speed steel: 
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It is a highly alloyed tool steel which is used for removing metal at much higher speed. 

These are generolly used for making metal cutting tools. High speed steels are mainly of two types 

i.e.. tungsten base and molybdenum base high speed steels. These steels have excellent red harness 

and shock resistance. From tool performance and manufacturing point of view there is little 

difference between the two types of high speed steel and also the properties like red hardness wear 

resistance toughness etc are same. The basic composition of the tungsten high. Speed steel is given 

as 

 

Tungsten - 18% 

Chromium - 4 - 8% 

vanadium - 1% 

 
Generally used tungsten based high speed steel is designaled as 18:4:1 ratio, indicating 18% 

tungsten 4% chromium and 1% vanadium is used to increase the abrasion resistance. 

Effect of alloying element on tool steels: 

 
1) TUNGSTEN: 

 
a) Increase red hardness. 

 
b) Promotes strength at higher temperature. 

 
c) Resist heat. 

 
d) promotes fine grains. 

 
2) chromium: 

 
a) increase hardnability. 

 
b) increases abrarion and wear temperatures. 

 
c) increases strength at high temperature. 

 
d) increase corrosion and oxydation resistance. 

 
3) Vanadium: 

 
a) increase hardnability. 
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b) increases abrarion resistance to great extent. 

 
c) promote fine grains. 

 
d) impact strength and toughness. 

 
In a typical heat treatment process of high speed steel, it is austenized at 12700C, salt 

ouenched to 6000C air cooled and double tempered at 5250C. As the constituents like w, me, cr, 

v are carbide formers, the micro structure consists of carbide in the matrix of tempered martensite. 

This given the contribution of wear resistant carbides in heat resisting matrix. They are widely 

used for lathe, /planer and sharper tools etc.. 

Q:    Alloying elements that dissolve in ferrite increases its strength? 

 
Ans: Barically alloying elements are added to seek to increase hardenability, strength, toughness 

and other mechanical properties. Most of the alloying elements are soluble in ferrite to some extent 

and forms solid solution when added to steel. Solid solutions are harder and stronger than pure 

metals and hence these elements increases strength and hardness of fertile. Thus copper, cobalt, 

nickel, aluminium and silicon are all found largely dissolved in fertile. The order of increase in 

strength is based on the equal addition of the elements by weight. The hardining effect of these 

alloying elements is actually small and hence contributes less to the overall strength of the steel. 

Q: What effect would the addition of 1% chromium have on properties of steel? 

 
Ans: 

 
Chromium is considered to be a less expensive element than nickel and forms two 

carbides. These carbides have high hardness and good wear resistant. 

If 1% chromium is added to low carbon steel it tends to go into the solution thus increasing the 

strength and toughness of the ferrite. 

If 1% chromium is added to high carbon steel, the hardness and wear resistant of the steel 

increases. 
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Q: Compare the properties of plain carbon steels with those of alloy steel? 

 
Ans: 

 
A plain carbon steel is an alloy of iron and carbon these are different from the cast irons in 

regard of the carbon percentage. Plain carbon steel contain carbon in the range of 0% to 1.5%. 

They are used at atmospheric and ordinary temperatures that are not corrosive. The strength that 

can be obtained expect in thin sections is relatively less hardened. The carbons have a wide range 

of applications it ranges from a massive. I beam to good quality tool bit used in workshops. 

Compared with alloy steel carbon steels have some disadvantages like lower 

hardenability, in heat treatment conditions plain carbon steel exhibit a poor combination of 

properties. Also the plain carbon steel have limited which a 

1) Good ductility and toughness. High strength cannot be obtained. 

 
2) Uniform hardening cannot be obtained in large section. 

 
3) At high temperatures the plain carbons have poor resistance to corrosion and oxidation. 

 
4) The strength and hardness of the plain carbon steel are poor at high temperatures. 

 
So, to improve the above disadvantages of plain carbons steel, some elements other than 

carbon are added. Though in plain carbon steel these elements are present (manganese upto 

0.90% silicon up to 0.30%) but in less amount and they are used as oxidizer. Other elements that 

may be added to steel are nickel, chromium tungsten, molybdenum, vanadium, coppers and 

cobalt. Due to presence of these element alloy steels posses the following properties. 

1) High toughness, strength and hardness. 

 
2) High corrosion and oxidation resistance. 

 
3) They posses high hardness and strength at high temperature. 

 
4) Improved magnetic and electric properties. 

 
The amount of manganese in this alloy steel is 1.65% and that of silicon is 0.60% when these 

element are mixed in steel they are called alloy steels. 
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Q: Short notes on die steel and tools? 

 
Ans: 

 
Tool and die steel are special type of steel which are used for changing the shape of the 

material into a finished or semi-finished product, by forming or cutting. During hardening, they 

change in form posses good wear resistance, toughness, machinability, and softening. 

Die steel, Should be heated slowly and uniformly, protective furnace atmosphere 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 



DEPT OF MECHANICAL ENGINEERING Page 1 

 

 

 



DEPT OF MECHANICAL ENGINEERING Page 2 

 

 

 

 

 

 

 

 

 

 

 

 

UNIT-III  

Heat Treatment of Steels  

Lecture notes 

HEAT TREATMENT OF STEELS: 

 
Heat treatment may be defined as an operation or combination of operations involving 

heating and cooling of metals and alloys in solid state to obtain desirable conditions or properties. 

Or 

 
Heat treatment can be defined as heating and cooling operation applied to metals and alloys 

in solid state so as to obtain desired properties. 

PURPOSE OF HEAT TREATMENT: 
 

1. Reliving internal stress developing during cold working, welding, casting and forging. 

2. To improve ductility and toughness. 

3. Grain refinement. 

4. Improve machinablity. 

5. Inc. hardness or tensile strength and achieving changes in chemical composition of 

metals surfaces as in case of case hardening. 

6. Improve electric and magnetic properties. 
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7. Inc. heat, wear and corrosion resistance of materials. 

 
Heat treatment process variables/stages.. 

 

1. Temp. Up to which the metal/alloy is heated. 

2. The length of time. The metal/alloy is held at that temp. i.e. holding time. 

3. Rate of cooling: the atmosphere surrounding the metal alloy when it is heated. 

 
Classification of heat treatment of stress: 

 

1. Annealing: 

 Stress relief annealing 

 Process annealing 

 Spherodizing annealing 

 Full annealing. 
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2. Normalizing 

3. Hardening 

4. Tempering 

5. Austempering 

6. Martempering 

7. Case hardening or surface hardening 

 
ANNEALING: 

 

This consists of heating the steel to a certain predetermined temp. Holding it at that  

temp.for sufficient time to alloy the necessary changes to occur and then cooling slowly at a 

predetermined rate. 

PURPOSE OF ANNEALING: 
 

1. To relive internal stress induced by previous treatment/operational such as rolling, 

casting, forging etc. 

2. To improve machinablity. 

3. To soften the stress. 

4. To refine and homogenize structure. 

5. To induct stable structure. 

6. To improve mechanical, physical, electrical, and magnetic properties. 

 
STRESS RELIEF ANNEALING: 

 

Stress relieving annealing relieves the internal stress induced by cold working, casting,  

welding etc. 

In this process the cold working steel is heated to a temp. Between 5000c to 5500c usually 

below its reccrystalization temp. (0.3 to 0.4 mp) heated to this temp. In air . Due to this the internal 

stress are relieved without changes in microstructure. If the stress are not relieving they might later 

causes.warpage or even failure of the part. 

Stress relief annealing is suited for ferrous and non ferrous metals. 
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PROCESS ANNEALING: 
 

This is used in sheet and wire drawing industries to remove the effects of cold work this 

heat treatment is applied after cold work to soften the steel by reccrystalization and to permit  

further cold work. 

In this process the cold working steel is heated above its reccrystalization temp. 600 0C 

i.e. below the lower critical temperature line A1 . 

 
SPHEROID ZING ANNEALING: 

 

The hyper eutectoid steel is consisting of pearlite and cementite network will have poor  

machinability. Because the cutting tool can`t penetrate through the hard and brittle cementite 

plates. 

Spheroidize annealing produces spheroidal or globular form of cementite from plates of 

cementite .so that the machinablity will be the improved. 

Methods of follow produce spherodized structure: 
 

a) Heating steel and its proloned holding at a temp. just below the lower critical 

temp A1. 

b) Heating and cooling alternatively between temp. that are just above and just 

below the lower critical temp. line A1. 

c) Heating to a temp. above lower critical temp. kine A1 and then either then cooling 

very slowly in the furnace or holding at a atemp. Just below the lower critical 

temp. 

FULL ANNEALING: 
 

The purpose of full annealing is 

 
a) To refine grains 

b) To induce softness 

c) To improve machinablity 

d) To improve electrical and magnetic properties. 
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In this process hypo eutectoid steels are heated above A3 and hyper eutectoid steels are 

heated above A1 by 30 0C to 50 0C held at this temp. For a definite period (2.5-3 min per 1mm 

thickness) and then cool slowly in the furnace itself. Depending on the composition, hyper 

eutectoid steels are always annealed from above A1 temp. And not from above ACM temp. 

because 

a) If annealed from above ACM temp. Brittleness is induced. 

b) Above ACM temp grain coasing of austenite occurs. 

 
NORMALIZING: 

 

Normalizing or air quenching consist of in heating stress to above 40 0c to 50 0C above its 

upper critical temp. (A3, ACM lines), and if necessary holding it at that temp. for short time and 

then cooling it still air temp. 

Normalizing differs from full annealing is that the rate of cooling is more rapid and there 

is no extended soaking period. 

PURPOSE OF NORMALIZING: 
 

1. Produces uniform structures 

2. Refine the grain size of steel 

3. Reduces internal stress 

4. Improves structural in weld 

5. Produces harder and stronger steel than full annealing 

 
HARDENING: 

 

It is the heat of steels which inc. its hardness by quenching. 

 
PURPOSE OF HARDENING: 

 

1. To inc. the hardness of steels and tool steel. 

2. To improve the wear resistance of steels. 

3. To improve magnetic properties 
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Note: plane carbon steels are quenched hardened by water and alloy steels are quenched / 

hardened by oil 

0.3 – 0.5 % C steels are hardened by hardening operation in this process the hypo 

eutectoid steels are heated eutectoid steels are heated above the lower critical temp. by 30-50 0C 

held at that temp. Sufficient time and then quenched (rapidly cooled) in water or oil or brain 

solution. Due to this the austenite changes instantaneously in to martensite. 

Martensite is the super saturated solid sol. Of carbon is the α-iron, which is very hard and 

brittle and this imparts high hardness to steels after hardening treatment. 

TYPES OF QUENCHING MEDIUM: 
 

Some of the industrial quenching medium in order of dec quenching severity. 

 
I. 5 – 10 % caustic soda – very drastical quenching 

II. 5 – 20 % NACL 

III. Cold water 

IV. Ware water. 

V. Mineral oil 

VI. Animal oils 

VII. Vegetable oil 

VIII. Air-least drastid quenching 

 
TEMPERING : 

 

Hardening of steel by quenching produces micro structure consists of martensite and 

retailed austenite. The martensite formed during quenching highly brittled and stressed. 

The hardened steel is steel is not used n this condition because cracking and distortion occurs. And 

also retailed austenite is unstable phase and the dimensions of the object may be changed with 

time. 

Hardening is always followed by tempering. 
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Definition: 
 

Tempering consist of heated the hardened components below the lower critical 

temperature. Hold at that temperature for sufficient period and then cooling to room temperature 

usually in air (water, oil) 

CLASSIFICATION OF TEMPERING: 
 

i. Low temperature tempering 

ii. Medium temperature tempering 

iii. High temperature tempering 

 
I: LOW TEMPERATURE TEMPERING: 

 

1. This treatment is carried out in the temperature range 1500c-2500 

2. internal stress are velieved 

3. the structure still contains martensite 

4. L.TT is applied to cutting tools of carbon steels and low alloy steels. 

 
2. MEDIUM TEMPERATURE TEMPERING: 

 

1. It is carried out from the range 3500-4500c 

2. This treatment develops troosite structures 

3. Is applied to objects such as coil springs, laminate springs hammer chisels. 

iii. HIGH TEMPERATURE TEMPERING : 

1. It is carried out in the temperature range 5500-6500c 

2. It eliminates stress completely 

3. It develops sorbite structures 

4. Used for components such as connecting rods, shafts 

 
AUS TEMPERING: 

 

Austempering is the cooling of austenite steel with a rate move then critical cooling rate 

in molten salt bath held at temperature between the nose of the TTT diagram and MS temperature 

that is in the bainite region the component held at that temperature for a sufficient period of time 

fill the entire structure in the component completely transformed to banite. It then 
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cooled in air at any desired rate to room temperature at the end of aus tempering a bainite 

structure obtained further heat treatment by tempering is not necessary 

 

 
ADVANTAGES OF AUSTEMPEARING: 

 

1. The final structure and properties are similar to the tempered martensite obtained during 

tempering without cooling curves going through the martensite region. 

2. There is no formation of retailed austenite in this structure and there is more dimensional 

stable of the component 

 

DIS ADVANTAGES OF AUSTEMPEARING: 
 

1. The hardeness obtained is not as high as the obtained through martensite transformation as in 

hardness 

2. This soaking time for the transformations place is more hence this is a more expensive 

process. 
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MARTEMPEARING: 
 

Martempearing is a hardening process. Mar tempering involves heating steel to above the 

austenizing temperature and then quenching in to the salt bath maintain at a temperature above 

Ms point (2500c).the steel is held in the bath till the temperature throughout the section. 

ADVANTAGES OF MARTEMPEARING: 

 

1. There is less distortion and warping since in the formation of martensite the same time 

throughout cross section. 

2. Possibility of quench cracks is less. 

 
SURFACE HARDENING (OR) CASE HARDENING: 

 

Hard and wear resistance surface is called case (or) surface,soft,tough and shock 

resistance inside the material is called core. 

Eg:cams,gears. 

 
METHODES FOR CASE HARDENING: 

 

METHODS THE COMPONENR IS HEATED  
 

1. Carbonizing 

2. Nitriding 

3. Cyaniding 

4. Carbonitrading 

 
METHODS ONLY THE SURFACE OF THE COMPONENT IS HEATED 

 

6. Flame hardening. 

7. Induction hardening. 

 
CARBORISING: 

 

It is a method of introducing carbon in to a solid iron base alloys such as low carbon 

steels in order to produce hard case. 
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CHARACTERSTICS: 

 

1. Case depth is about 0.05 inch 

2. Hardness after heat treatment RC65 

3. Carburizing causes negligible changes in dimensions 

4. Distortion occurs during heat treatment 

 
USES: Gears, camshafts……etc 

 

TYPES OF CARBURIZING: Three types: 

 

i. Pack carburisng(solid) 

ii. Liquid carburisng 

iii. Gas carburising 

i. Pack carburizing(solid): 

The box is steel box of cast iron.distance between pieces 500mm.energized 

material is 40% of Na2Co3+BaCo3. 

 
 

 

Holding time – 5 hours 

Temperature – 9000c – 9500c 
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The carborising process involves the following stages 
 

i) Formation of “CO” in the containing carburising material when heated b/w 900 – 9500c 

ii) Dissociation of “CO” with the evaluation of atomic carbon 

2CO CO2 + carbon 

iii) End richment of steel surface layers with carbon 

 
2CO + 3Fe Fe3c + Co2 

 
iv) Diffusion of carbon absorbed by the steel surface, deep in the metal. The rate of 

diffusion of carbon in austenite at a given temp is depend up on the diffusion co- 

efficient and the carbon concentration. At high temp the diffusion is more 

v) It is desired to prevent any area of component from being carburised that area. 

a) May be electroplated with “cu” to a thickness of 0.075 to 0.1 mm because is in  

soluble in copper at a carburising temp 

LIQUID CARBURISING: 
 

It is a carried out in molten salt bath containing 20-50% NaCN, together with up to 40% Na2co3 

and varying amounts of sodium (or) barium chloride. This cyanide mixture is heated to a temp of 

about 870-9500c and work piece contained in wire baskets are immersed in the liquid salt bath for 

periods varying from 5min to 1 hour depending upon the case depth required. The reaction 

occupied in cynide bath is 

Bacl2 + 2 NaCN Ba(CN)2 + 2 Nacl 

 
Ba (CN)2 + Fe Fec + BaCN2 

 
In this process “N” is also diffuse through the oxidization of sodium cyanide. 

 
2 NaCN + O2 2NaCNO 

 
3 NaCNO NaCN + Na2co3 + c + 2N 
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Cyanide:- 
 

In cyaniding case is higher in N and lower in C and in liquid carburising the 

C is more and less N. 

 Cyanide cases are seldom (or) rarely to a depth of greater than 0.25 mm, liquid 

carburising permits cases as deep 0.25 mm. 

Advantages:- 
 

i) Rapid heat transfer 

ii) Low distortion 

iii) Negligible surface oxidization 

iv) Rapid absorption of carbon & nitrogen 

v) Uniform case depth, and carbon content 

vi) Reduce time to reach the carburising temp 

 
 Dis advantages:- 

 

i) Cyanide salts are highly poisness when taking internally (or) when contact with open 

wounds. 

ii) Parts need through washing after treatment to prevent rushing. 

 
Gas carburising:- 

 

Definition:- In carburising the components are heated at about 9000c for 3 (or) 4 hours in an 

atmosphere containing gases which will deposit ‘C’ atoms at the surface of the components. 

Carrier gas consist of a mixture of 20% CO, 40% N2, and 40%H2 

 
During carburising the following reactions will occur: 

 

3Fe + 2co Fe3c + co2 

 
Fe3c + 2H2 3Fe + CH4 

3Fe + CO + H2  Fe3c + H2o 
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Co2 + CH4 co + 2H2 

 
CH4 + 3Fe Fe3c + 2H2 

 
 Gas carburising can be applied in mass production 

 The depth of case may vary from 0.25 mm on articles for light work. 

 0.5-1 for Automobile work. 

 0.37 mm for roller bearings and ball races where compression stresses are high 

 
Advantages:- 

 

1) Labor costs are lower than pack carburising 

2) Floor space required is less 

3) Less time is required 

4) Heating is more rapid 

 
Dis advantages:- 

 

1) As compared to pack carburising higher skilled persons are required to maintain necessary 

controlled. 

Nitriding:- It is the process of producing the hardest case (or) surface   layer on medium – carbon 

steel only. It consists of heating the steel in a chamber with ammonia gas circulating at a temp 

range 500 to 6000c. Work piece should not be overheated, as the hardness vanishes on over-

heating. No quenching medium is required 

The chemical reaction is 

 
2NH3 2N + 3H2 

 
Applications: air craft engine parts, gears, clutches, valve parts, Inspection gauges etc. 

 

Advantages: 
 

1. Good corrosion and wear resistance 

2. Good fatigue resistance 

3. No machining is required after nit riding 
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4. The process is economical 

 
Dis advantages: 

 

1. Long cycle time 

2. High cost of nitriding process 

3. Technical control required 

 
Process characteristics: 

 

1. Case depth is about 0.381 mm 

2. Extreme hardness (1150VHN) 

 
Cyaniding: 

 

In cyaniding ‘C’ and ‘N’ are introduced in to the surface of the steels by heating it to a suitable  

temp and holding it contact with molten cynite to form a thin skin or case. Which is sub sequent 

quenching hardened. 

In this process the components are immersed in a liquid bath of 30% NaCN, 40% Na2co3, 30% 

NaCl maintained at a temp of 8000c-8500c for a period of 30 minutes – 3 hours. 

NaCN reacts with o2 of air and is oxidised. The basic reaction in the bath is 

2 NaCN + o2 2NaCNo 

2NaCNo + o2 Na2co3 + co + 2N 

2co  co2 + c 

Characteristics of the process: 
 

1. Case depth is about 0.25 mm 

2. Hardness is about Rc 65 

3. Distortion may occur during heat treatment 

 
Uses: screws, nuts, bolts, small gears, plain carbon steels. 
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Carbonitriding: 
 

Carbonitriding is carried out by heating the components in the temp range 800-

8700c for about 3-4 hours in a gaseous mixture consisting of carburising gases and ammonia. A 

typical gases mixture contains about 15% NH3, 5% CH4, 80% carrier gas. 

“Carbonitriding” is a modification of gas carburising process 

 
Process characteristics: 

 

1. Case depth is about 0.5 mm 

2. Hardness after heat treatment RC 65 

3. Negligible dimensional change 

4. Distortion is less 

 
Uses: Gears, bolts, nuts. 

 

Flame hardening: In this process heat is applied to the surface of the workpiece by means of an 

oxy-acetylene flame. Temperature of the flame is 750 – 9500c. 

Uses: Large parts like, lathe beds, and large gears, cams, piston pins, shafts etc. 
 

Induction hardening: This method is similar to flame hardening in principle. 
 

Induction hardening is applied mainly to “medium carbon steels”. In this process, heating is 

accomplished through the use of primary inductor coils placed around the surface to be hardened 

as a high frequency A.C of about 2000 to 500000 cps passes through the inductor coils. 

Advantages: 

 
1. fast operation 

2. No manual handling of hot parts. 

 
Uses: Long lead screws, tractor links, camshafts, crank shafts, and pump shafts. 
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Hardenability 
 

Hardness is a measure of resistance to plastic deformation (by indentation) 

 
Hardenability is in which the hardness may be attained in the depth direction of the object. 

(Or) 

Hardenability is the ability of steel to become uniformly hard (or) to harden in depth direction. 

 
Factors effecting harden ability: 

 

Jomminy test: 

 

 
1. The composition of steel and method of manufacturing 

2. The quenching media and method of quenching 

3. Section of steel 

4. All alloying elements excepts ‘CO’ tends to increase hardenabilty. 

5. As compared to carbon steels alloy steels hardened to considerable large due to high 

stability & corresponding 
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Methods to determine Hardenability: 
 

1. Grossmann method 

2. Jomminy test (end quench hardenabilty test): 

1. A 25 mm diameter by 100 mm long bar is properly Austinised as quench on the end of 

standardized way 

2. Heat is removed substantially from the quenched end surface and is thus with drawn at 

different rate along the bar. 

Age Hardening: 
 

1. The strengthening of alloy resulting from the precipitation of finely dispersed second phase 

from a super saturated solid solution. The finely dispersed second phase dispersed 

precipitates with age i.e with the passage of time. 

2. Certain alloys such as Al-4.5% Cu, Al-6%Zn etc. Shows increase in hardness with age 

(time) at room temp. After heating to slightly higher. This type of hardening is known as  

age hardening (or) precipitation hardening. 

Requirements for age hardening: 
 

1. The primary requirement of age hardening is that the solubility decreases with decreasing 

temp; so that a super saturated solid solution may be obtained. 

2. With time the ppt that separates out from the matrix should be coherent. 

Ex: in Al-4.5 % Cu. The second phase with time is CuAl2 

Age hardening procedure: 
 

It requires the following procedure. 

 
i) Heating: The alloys first solutionised by heating it in to a single phase region. 

ii) Quenching: after solutionising the alloys rapidly quenched in to the two phase region. 

The rapidity of quench prevents the formation of equilibrium precipitate and thus 

produces a super saturated solid solution. The quenching media is usually water. 

iii) Aging: On aging at or above room temp, fine scale transition structure as small as 

1000A units form. 
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Age hardening mechanism: 
 

1. The essential requirement for precipitation to occur in solid solution is the decreasing 

solubilty of solute with decreasing temp. 

2. This results in a super saturated solid solution being un stable, tends to decompose 

according to the relation. 

 
Super saturated saturated solid + (β) precipitate 

Solid solution (α)  solution 

There are two distinct coherent phases α and β, 

A limited no. Of solute atoms will provide a greatest interference to dislocation moments. 

The alloy exist as a single ‘α’ solid solution at a temp of 548oc when it is cooled 

to room temp it exist as a mixture of α+θ, where ‘α’ is a solid solution of Al with a very 

small percentage of (Cu 0.52) and θ is an intermetallic composed (CuAl2) that has 52% Cu 

under slow cooling from 548oc To room temp the following transformation occurs. 

α super saturated α saturated + θ (CuAl2) 

4% Cu  0.5% Cu  52% Cu 

Natural aging: 
 

Precipitation with time at room temp is called “natural aging” 
 

Aritificial aging:- Precipitation at high temp is called “ Artificial Aging” 
 

EFFECT OF ALLOYING ELEMENTS ON Fe-Fe3C: 
 

1. Austenite Stabilizer: 
 

Mn, Cu, Ni are Austinite stabilizer elements. These elements are having FCC 

structure. 
 

These elements raise the ‘Au’ temperature and lower the ‘A3’ temperature, as a result 

of which theγ temperature range in which austenite exist as a stable element is increased. By 
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adding more alloying elements that stabilize and the stable austenite can be obtained even at 

room temp 

 

 

 
2.Ferrite stabilizer: 

%of alloying element 

 

W, Cr, MO, V are the ferrite stabilizer elements. These elements are having BCC structure 

 
These elements lower A4 temperature raises A3 increases there by increasing the range of 

stability of Ferrite. At certain composition the lines A4 and A3 merge to form a closed loop ϒ and 

above this ferrite exist from room temperature to the melting point and the austenite phase does 

not exist steels obtained by stabilizing Ferrite are called Ferrite steels. 
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TTT DIAGRAM (TIME- TEMPERATURE- TRANSFORMOTION) 
 

(TIME- TEMPERATURE- TRANSFORMOTION) 

(OR) 

c- Curve (OR) s- Curve (OR) BAILS CURVE (OR) ISOTHERMAL FORMATION CURVE 
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T-T-T DIAGRAM AND COOLIND CURVES: (CCT) 
 

(CCR- critical cooling rate) 
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A1 – A2 Annealing slow 

B1 – B2 Normalizing faster compare to annealing 

C1 – C2 oil quenching slow 

D1 – D2 Fine pearlite 

E1 –E2 martensite faster 

F         CCR Faster M       slower P& B 

G Bainite rapidly 

Cooling curve A:It is a Annealing process it is cooled very slowly. Transformation product is  

coarse pearlite with low hardness (RC15). The transformation starts at A1 and ends at A2. 

Cooling curve B: This curve shows faster cooling rate than curve A. This is normalizing operation. 

The transformation starts at B1 and ends atB2 and the resulting product is medium pearlite (RC30) 

Cooling curve C: this curve is slow oil quenching and the resulting products consist of mixture 

of medium and fine pearlite. 

Cooling curve D: 
 

This curve is an intermediate cooling rate and at point ‘D’ the austenite will 

start transforming in to pearlite up to point D2 and then when Ms is crossed the remaining will 

instantaneously transformed to martensite. Hence the final microstructure consists of martensite 

and pearlite. 

Cooling curve E: This curve is a drastid quenching it is cooled rapid enough to avoid 

transformation of in the nose region. 

Cooling curve F: This curve is a tangent to the nose of the TTT curve.the cooling rate associated 

with this curve approximate the critical cooling rate, it form bainite and martensite. 

Cooling curve G: This cooling curve results in the formation bainitic structure by cooling rapidly 

enough to miss the nose and then holding at a temperature at which bainaite will be formed.



HEAT TREATMENT OF ALLOYS 

DEPT OF MECHANICAL ENGINEERING Page 23 

 

 

 

 

 

 

 

 

 

 

 

 

UNIT-IV 

Non-ferrous Metals and Alloys  

Lecture notes 
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CLASSIFICATION OF MATERAILS 

 
Metallic materials are divided into two types 

 

1. Ferrous materials 
 

2. Non-ferrous materials 
 

The ferrous materials are iron based and the non ferrous materials are having some 

elements other than iron as the principal constituent 

The bulk of the non ferrous materials are made up of the alloys of copper, aluminum, 

magnesium, nickel, tin, led& zinc. Other non-ferrous materials and alloys are used to a lesser 

extent include cadmium, molybdenum, cobalt, zirconium, beryllium, titanium and the precious 

metals gold, silver and the platinum. 

IMPORTANT PROPERTIES OF COPPER:- 

1. High electrical and thermal conductivity. 

 
2. Good corrosion resistant, mechinability, strength and ease of fabrication. 

 
3. It is having pleasing color and can be welded, brazed, soldered and easily finished by plating 

or lacquering. 

APPLICATIONS:- 

1. Most of the copper is used for electrical conductors contains over99.9% copper is identified as 

electrolyte tough pitch copper [ETP] or oxygen free high conductivity copper [OFHC] 

2. ETP copper also used for roofing, gutters, down-spouts, automobile radiators and gaskets, vats, 

pressure vessels, distillery and process equipment. 

3. Oxygen free copper is used in electronics tubes or similar applications because it makes a 

perfect seal to glass. 

4. Arsenic copper contains about 0.3% arsenic has improved resistance to special corrosive 

conditions and is used for certain condenser and heat exchanger applications. 
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5. Free cutting copper with about 0.6% tellurium has excellent machining properties and is used 

for bolts, studs, welding tips and electrical parts such as contact pins, switch gears, relays and 

precession electrical equipment. 

6. Silver bearing copper has a silver content of 70 to 30%.Silver raises the recrystallization 

temperature of copper thus preventing softening during soldering of commu 

It is preferred in the manufacture of electric motors for rail road and air craft use. 

 
Copper Alloys:- 

 

The most important commercial copper alloys may be classified as follows 

1. Brasses 

2. Bronzes 

3. Cupronickels 

4. Nickel silvers 
 

Brasses:- 
 

Brasses are alloys of copper and zinc and containing more than 5% zinc. Brasses 

are classified into two types 
 

a. α-Brasses 
 

b. (α+β) Brasses 
 

a. α-Brasses:- 
 

α-brasses are containing up to 36% zinc possess relatively good corrosion resistance and  

good working properties. The colours of α brasses varies according to copper content from red for 

high copper alloys to yellow at about 62% copper so, that those α brasses may be divided into two 

groups yellow α brasses and red brasses. 

α-brasses having 5-22% zinc are in reddish colour and are called as red brasses. 
 

α-brasses having zinc content between 20 to 36% are yellow in colour and are called as 

yellow brasses. 
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Commercial brasses: 
 

Commercial brasses contain 90% copper and 10% zinc. It is stronger, harder than pure 

copper and is used for rivits ,screws, jewellary. 

Cartridge brass:- 
 

cartridge brass contains 70% cu and 30%zn.It has excellent deep drawing property and is 

used for making cartridge cases, house hold articles, radiator fins, lamp fixtures etc. 

Admirality brass:- 
 

Admirality brass contains 70%cu and 29% zn and1% tin. It has superior corrosion 

resistance than that of ordinary brass and is extensivity used for propellers and marine works. 

Aluminium brasses: 
 

-Aluminium brasses contains 76% cu,22%zn and 2%Al.It has better corrosion resistance  

than admirality brass and hence extensively used for marine works. 

b.(α+β) Brasses:-These contain from 54 to 62% copper. These alloys will consists of two phases 

α and β’. these β’ phase is harder and more brittle at room temperature than α. Therefore, these  

alloys are more difficult to cold work than the α-brasses. At elevated temperatures the β phase 

becomes very plastic and since most of these alloys may be heated into single phase β region,  they 

have excellent hot working process. 

Muntz metal:-The most widely used (α+β) brasses is muntz metal which contains 60% cu and  

40%zn.It has high strength and excellent hot working properties and is extensively used for marine 

fittings, condenser heads, radiator cores, springs, chains ete…. 

Naval brasses:-These contains 60%cu, 39%zn and 11%tin.It has high corrosion and abrasion 

resistance and is widely used for condenser plates, propeller shafts and marine works. 
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2.Bronzes:- 

Alloys of copper with other elements except zinc are called bronzes. The most important bronzes  

are alloys of copper and tin, aluminium, silicon or beryllium .These may also contain phosphorous, 

lead, zinc or nickel. 

1. Tin bronzes or phosphor bronzes:- 
 

Tin bronzes are alloys of copper and tin and contain tin between 1 to 11%.These are also 

called as phosphor bronze .phosphorous invariably present as a de oxidizer in casting.The 

phosphorous content varies from 0.01 to 0.05%. 

These bronzes posses high strength, toughness, high corrosion resistance, low coefficient  

of friction and do not susceptible to season cracking. These are used for bushes, cottor pins, clutch 

disks, springs, taps, marine pumps etc….Tin bronzes have good castability and widely used in the 

foundry. 

Gun metal:- 

Gun metal contains 88%cu,10%tin and 2%zn.It has considerable strength and toughness  

and resistance to sea water corrosion. It is used for bushes, nuts, hydraulic fittings, heavy load 

bearings, marine pumps etc… 

Aluminium bronzes:- 

Commercial aluminum bronzes contain aluminum between 4 to 11%.Aluminium bronzes 

containing up to 7.5% Al are generally single phase alloys. while those containing between 7.5 

and 11% Al are two phase alloys. 

The single phase aluminum bronze have good cold working properties, good strength and 

good corrosion resistance. These are used for corrosion resistance vessels, nuts, condenser tubes  

etc… 

The properties of two phase aluminum bronzes can be improved by heat treatment. By 

controlling the composition and by heat treatment the tensile strength of these alloys van be varied 

from 47 to 95kg/sq mm with elongation gradually decreasing from 70 to 5%.The heat 
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treated aluminum bronzes are used for gears, propellers, pump parts, bearing, bushings ,drawing  

and forming dies ets…. 

Silicon bronzes:- 

These contains 90-97%cu,1-4%si and small amounts of zinc, iron and manganese. The 

thermal and electrical conductivity of those alloys is about 10% of that pure copper. Silicon 

bronzes have mechanical properties comparable to that of mild steel and corrosion resistance  

comparable to that of pure copper. These are used for storage vessels for chemical and gasses,  

marine construction, nuts, bolts, rivets etc… 

Beryllium bronzes:- 

Beryllium bronzes contain 1.5-2.25% of beryllium. These alloys can be easily cast, can be 

easily hot or cold worked and can be easily welded. Like Al alloys, beryllium bronzes can be age 

hardened and the hardness obtained will vary between 200 to 400 brinell, depending upon the 

aging time and also tensile strengths upto142kgl sq.mm can be obtained by suitable heat treatment 

and cold working. The thermal and electrical conductivities of these alloys is comparable to that 

of pure copper. 

These bronzes are used for diaphragms, springs, surgical and dental instruments, gears,  

watch parts, screws, bearings etc…. 

Cupro nickels:- 

These are the alloys of copper and nickel and contain upto 30% nickel. The copper-nickel 

binary phase diagram shows complete solubility. So that all cupronickels are single phase alloys.  

They are not susceptible to heat treatment and may have their properties altered only by cold 

working. 

These alloys have resistance to corrosion fatigue and also high resistance to the corrosive 

and erosive action of rapidly moving sea water. They are widely used for condenser distiller,  

evaporator and heat exchanger tubes for naval vessels and costal power plants. 
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Nickel silvers (German silver):- 

Nickel silvers are alloys of copper, nickel and zinc and contain 20-30% Ni,10-30% zn 

and the balance copper. The appearance of those alloys is similar silver and posses good corrosion 

resistant characteristics. These are mainly used for utensils, costume jewellary, name plates etc… 

Aluminium & Aluminium alloys:- 
 

Properties of aluinium:- 

1. It is ductile and malleable due to FCC structure. It can be worked either hot or cold but after 

recrystallization does not show twins as are seen in cu &cu alloys. 

2. It is light in weight (specific gravity 2.7kg/cm3) 

 
3. It has very good thermal & electrical conductivity on weight to weight basis, it carries more 

electricity than copper. 

4. It has excellent ability of getting alloyed with other elements like cu, si, Mg, zn etc….some of 

the alloys respond to precipitation hardening and some have excellent castability due to this and 

their light weight & good corrosion resistance and oxidation. They are widely used in automotive 

and aeronautic fields. 

5. Al has good malleability and formability, high corrosion resistance and high electrical & 

thermal conductivity. 

6. Al ultra pure form of aluminium is used for photo graphic reflectors to take advantage of it’s  

light reflectivity and non tarnishing characteristics. 

7. Al is non toxic, non magnetic and non sparking. The non magnetic characterstic makes 

aluminium useful for electrical shielding purposes such as bus bar housings or enclosures for other 

electrical equipment. 

8. One of the most important characteristics of aluminium is it’s machinability & work ability. It 

can be cast by any know method rolled to any desired thickness, stamped, drawn, span, hammered 

forged and extruded to almost any conceivable shape. 
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9. These are extensively used for cooking utensils, various architectural components, food and 

chemical handling and storage equipment and assemblies. 

Aluminium-Magnesium Alloys (Magnalium):- 
 

1. Composition:-5.0% magnesium, 0.5%manganise 
 

Properties:- 
 

1. It is highly resistant to corrosion, machines well. 

2. It takes high polish and anodizes well. 

3. It has high strength. 

 
Applications:- This type of alloys are used in the marine environments. 

 

2. composition:- 10% magnesium with aluminium. 
 

Properties:- 
 

1. It oxidizes very easily 

2. Light weight 

3. Machinability good 

4. Can be welded 

 
 Applications:- These alloys are used for the air craft and automobile components, dairy 

equipments and architectural work. 

Aluminium copper alloys:- 
 

1. These alloys having 4.5%cu and remaining material should be aluminium 

2. This is a precipitation hardenable alloy and produces good strength after precipitation 

hardening. 

3. This alloy has a moderate corrosion resistance and very much susceptible to hot tearing. 

4. These alloys are mainly used for air craft castings and for other highly stressed parts due 

to its good mechinability properties and shock resistance. 
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Y-Alloys:- 

Composition:- 4% cu, 2% Ni, 1.5% magnesium 
 

1. It has an excellent ability to retain the strength at elevated temperatures with faitly good 

corrosion resistance. 

2. It can be easily cast and hot worked. 

 
Applications:- These alloys are mainly used for pistons and cylinder heads of diesel and 

high duty petrol engines. 

induminium:- 

 

1. It contain about 5%cu & 1.5% Ni with small amounts Mn, Ti, Sb, Co and Zr. 

2. It is superior to y-alloys at elevated temperature service particularly in respect of creep 

resistance. 

3. It is used in aero engines and other continuous elevated temperature service applications 

up to 300°c. 

Duralumin:- 
 

It contain 3.5-4.5% cu, 0.4-0.7% Mn,  0.4-0.7% Mg, Fe or si <0.7%, Al balance. 
 

Properties:- 
 

1. it posses high machinability. 

2. It is having high tensile strength. 

3. Excellent casting & forging properties. 

 
Applications:- 

 

1. Air craft and automobile parts. 

2. Al-bars, sheets, tubes and rivets etc… 
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Titanium & its alloys:- 
 

Major characteristic & properties of Titanium:- 
 

1. Titanium is one of the few allotropic metals i.e it can be exist in two different 

crystallographic forms. At room temperature it has a close packed hexagonal structure, 

designated as the Alpha-phase. 

At around 885°c, the alpha phase transforms to body centered cubic structure, 

known as the beta phase which is stable upto titanium’s melting point of about 1680°c. 

2. Titanium mechanical properties are closely related to these allotropic phases. For example 

the beta phase is much stronger but more brittle than the alpha phase. 

3. Ti-alloys can be usefully classified into three groups on the basis of allotrophic phases i.e 

alpha, beta & alpha-beta alloys. 

4. Ti & Ti-alloys are having attractive engineering properties. They are about 40% lighter 

than steel & 60% heavier than aluminium. The combination of moderate weight and high 

strengths up to 1400kg/cm2, gives titanium alloys the highest strength to weight ratio of 

any structure metal roughly 30% greater than aluminium & 

This exceptional strength to weight ratio is maintained from -220°c up to 540°c 

5. A second outstanding property of titanium material is corrosion resistance. The presence 

of a thin, tough oxide surface film provides excellent resistance to atmospheric and sea 

environments as well as a wide range of chemicals, including chlorine and organics 

containing chlorides. Being near the chloride end of the galvanic series, titanium performs 

the function of a noble metal. 

6. Other notable properties are a higher melting point than iron, low thermal conductivity, 

low co-efficient of expansion and high electrical resistivity. 

Applications:- 
 

These titanium and its alloys are used for surgical implants, marine hard ware, 

compressors & valve bodies. 
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Titanium alloys:- 
 

 Alpha alloys:- 

1. These alloys contain the alloying elements as aluminium, tin, columbium, 

zirconium, vanadium and molybdenum in amounts varying about 1-10%. 

2. They are non heat treatable, having good stability up to 540°c and down as low as 

-220°c. They have good combination of weldability, strength and toughness. 

3. The 5% Al and 25% tin alloy is the most widely used alpha alloy has been 

employed in numerous space and air craft applications. 

4. It has strength at room temperature of 8400kg/cm2, acceptable ductility and is 

useful at room temperature up to 430 and 540°c. In addition, it has good oxidation 

resistance and good weldability and formability. 

Alpha-Beta alloys:- 

This is the largest and most widely used group of titanium alloys. Because these 

alloys are a two phase combination of alpha & beta alloys, their behaviour falls in a 

range between the two, single phase alloys. 

1. They are heat treatable, useful up to 430°c, more formable than alpha alloys, but 

less tough and more difficult to weld. 

2. The most popular alloy in this group is the 6% Al & 4% vanadium. It can be heat 

treated up to 11,972kg/cm2 has good impact and fatigue strength and unlike other 

alpha-beta alloys is weldable. 

3. The 6% Al, 6% vanadium & 2% tin alloy is heat treatable to higher strength than 

any other alpha beta alloy(13380kg/cm2) 

Beta alloys:- 
 

These beta alloys have exceptional high strength over 14085kg/cm2. 

Their lack of toughness and low fatigue strength limits their use. They retain an 

unusually high percentage of strength up to 320°c but cannot be used at much higher 

temperature and they become brittle at temperature below -40°c. 
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UNIT-V 

Ceramics, Polymers and Composites  

Lecture notes 

IMPORTANT PROPERTIES: 

1. ceramic`s are in-organic, non-metallic materials that are pass and /or used at high temperatures 

2. They have been subjected to heat treatment 

 
3. They are generally hard & brittle materials that with stand compression very well 

 
4. They are abrasive resistance, heat resistance &can curtain large compressive loads even at 

high temperature 

5. many ceramic`s are chemically inert even at high temperatures as shown by good oxidation 

and reduction resistance at these temperature 

6. The nature of chemical bond in ceramics generally ionic in character and the coins play on 

important role in the determination of the properties of the material 

EX: anions, carbides, borides, nitrides, oxides. 

 
TYPES OF CERAMIC`S: 1.Classification of ceramics based on function 
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EXAMPLES OF CERAMIC MATERIALS: 
 

1. All types of glass product including fibers etc.. 
 

2. Cements, line, plaster 
 

3. Abrasives & some types of cutting of tools 
 

4. Bricks, tiles, drain, pipes etc.. 
 

5. Refractories for high temperature use 
 

6. Electrical insulators, Ferro magnetic, semi conductors 
 

  STRUCTURAL CLASSFICATION: 
 

1. CRYSTALLINE CERAMICS: 
 

These are single phase like MGO to multi phase from MGO to AL2O3 binary system. 
 

2. NON-CRYSTALLINE CERAMICS: natural & synthetic in-organic glasses. 
 

3. GLASS-BONDED CERAMICS: fire clay products-crystalline phase are held in glass mat 
 

4. CEMENTS: crystalline (or) non-crystalline phases. 
 

ADVANTAGES OF CERAMIC MATERIALS: 
 

1. The ceramics are hard, strong & dense. 
 

2. They have high resistance to the action of chemically and to the weathering 
 

3. Passes a high compression strength compressed with tension 
 

4. They offer excellent di-electric properties 
 

5. They are good thermal insulators 
 

6. Good sanitation 
 

7. Better economy 
 

APPLICATIONS: 

1. WHITE WARES: tools, sanitary wares, high frequency applications, chemical industries etc 
 

2. NEWER CERAMICS: borides, carbides, nitrides, single oxides, mixed oxides, silicates, 

insulators, semi conductors, fuel elements, fuel containers, control rods etc.. 
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3. ADVANCED CERAMICS: these are in I.C engines, turbines, cutting tools, energy 

conversation, strong & generation 

PROPERTIES OF CERAMIC MATERIALS: 
 

MECHANICAL PROPERTIES: 
 

1. Compressive strength is high 
 

2. It is brittle 
 

3. These passes ionic & covalent bond 
 

4. More force required 
 

5. Rigidity high at temperature 
 

ELECTRICAL PROPERTIES: 
 

Di-electric constant: 
 

It is the ratio of capacitance of a di-electric compared to the capacitance of air under the 

same conditions 

Di-electric strength: 
 

It is the ability of a material to with stand electrical break down volume & surfaces 

resistivity 

Thermal properties: 
 

1. Thermal conductivity 
 

2. Thermal capacity 
 

3. Thermal-shock-resistance 
 

STRUCTURE OF CRYSTALLINE CERAMICS: 
 

Most ceramic phases, like metals, have crystalline structure. Ceramic crystals are formed 

by either a pure ionic bond, a pure covalent (or) by bonds that passes the ionic as well as covalent 

characteristics. 

Ionic bonds give ceramic materials of relatively high stability and high melting point 
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Covalent crystal: 
 

1. Passes high hardness 
 

2. High melting point & low electrical conductivity at room temperature 
 

CRYSTAL STRUCTURES IN CRYSTAL CERAMICS: 
 

1. Rock salt structure 

2. zinc blend structure 

3. worzite structure 

4. spinel structure 

5. fluorite structure 

6. ilemenite structure 

7. Cesium chloride structure 

 
ADVANCED CERAMICS: 

1. Glass ceramics: 

The compositions in which nucleation and crystallization have been commercially produced 

are MgO; Al2O3- SiO2; LiO2-AL2O3-SIO2; LiO-MgO-SiO 

Characteristics: 
 

1. Very low co-efficient of thermal expansion 

 
2. High mechanical strength and thermal conductivity 

 
APPLICATOINS: over ware, table ware & as insulators 

 

2. Die- electric ceramics: 
 

Non linear electric ceramics are suitable in the miniaturation of electric part which have 

had to the development of increasingly sophisticated electrical circuits and also used in capacitors 

2. Electronic ceramics: 

There are two types of electronic ceramics that are ferrite, Ferro-electric ceramics 

Ferrite are mixed metal-oxide ceramics 

 Ferro-electric ceramics are can convert electrical signal into mechanical energy 
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CERMETS: 
 

 Cermets are ceramic & metal compositions 

 It contains Al 2 O 3 & Cr varying proportions. 

 The most common cermets is the cemented carbide which is composed of extremely hard 

particles of a refractory carbide such as tungsten carbide (or) titanium 

 These components are utilized extensively as cutting for hardened steels 

 These are manufactured from the powders of ceramics metals by power metallurgy 

 
APPLICATIONS: 

 
1. These are used in jet engines, brake shoe, linings & oxidation resistant parts 

 

2. Used as spinning tools for hot forging dies and other similar ten high temperatures 

applications 

3. These also suitable for cutting of metals at high spends with medium to light chip loads 

GLASSES: 
 

1. Glass is a transparent silica product which may be amorphous (or) crystalline. Depending 

upon the heat treatment 

2. Glass is in-organic product of faction in one (or) more oxides of silicon, boron, calcium, mg, 

Na etc … cooled to rigid material without crystallization 

3. Glasses mostly consist of in-organic oxides such as SiO2 & B2O 3 are known as glass formers 

 
many other oxides such as Al2O3, CaO, Na2o MgO etc…are added to glass forming oxides 

to obtain derived combination of properties such as refractories index, electrical conductivity etc… 

STRUCTURE OF GLASS: 

 
Unlike most other ceramic material glass is non-crystalline to manufacture it is a mixture 

of silica and other oxides is melted and then cooled to a rigid condition. 

Glass does not change from liquid to solid at a fixed temperature but remains in 

the crystalline state and it is considered as a super cooled liquid 
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Fig: Amorphous non-crystalline structure of glass 

 
GLASS PRODUCTION & PROCESSING STEPS: 

 
1. Melting & refining ~ melting point = 1500 c 

2. Forming & shaping 

3. Heat treatment 

4. Finishing 

PROPERTIES OF GLASS:- 

 
1. Viscosity: - which determines the suitability of glass for drawing into tubes, rods, for blowing 

& rolling 

2. Chemical stability:- 

 
Which determines the suitability of glass for making chemical wears & optical glasses 

 
 

3. Optical properties:-this determine the stability of glass for use in optical system 
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4. Mechanical properties:-tensile strength & wear resistance. 

 
5. Electrical properties: - good conductivity di-electric and determine the stability of glass for 

manufacturing the incandescent lamps, radio, valves, x-ray tubes etc 

APPLICATIONS OF GLASS:- 

 
1 in doors, windows, furnitures etc.. 

 

2. Laboratory equipment & chemical glass wear 
 

3. X-ray tubes, glass tubes, fiber glass insulation, optical glasses 
 

TYPES OF GLASSES:- 
 

1. Soda lime (or) crown glass 

2.flint glass 

3.pyrex (or) heat resistant glass. 
 

1) SODA LIME (OR) CROWN GLASS:- 
 

1. It is the cheapest quality of glass 

2. available in clean & clear state 

3. Easily fusible at comparatively low temperatures. 

 

COMPOSITION BY WEIGHT:- 

Sand – 75 parts 

lime - 12.5 parts 

Soda – 12.5 parts 

Alumina - 1 part 

Waste glass 50 –  100 parts 

Applications: - window glass, plate glass, bottles, glass etc… 

2. FLINT GLASS:- 

 
 it provide better lastre than sodium glass 

 in this load provides brilliance & high polish 
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COMPOSITION BY WEIGHT: -  

sand 100 parts 

red lead 70 parts 

potash 32 parts 

waste glass 10 parts 
 

Applications:- table wears, optical glasses, electrical resistance materials 

 
3. PYREX (OR) HEAT RESISTANT GLASS:- 

 
Which are used extensively for cooking utensils and laboratory wares, are borosilicate 

glasses. 

COMPOSITION BY WEIGHT: - 

 
Silica – 80 parts 

borox oxide -14 parts 

sodium oxide - 4 parts 

alumina 2 parts with trasses of potassium oxide, calcium oxide, mg oxide.. 

 
HIGH SILICA GLASS: - 

 

 These are containing 96% silica. 

 These are used where high temperature resistance is required 

 These are used regularly at temperatures up to about 900 c 

 High silica glasses are have a very low thermal expansion co-efficient which accounts for 

this high resistance to thermal shock. 

SPECIAL TYPES OF GLASS:- 
 

Annealing glass, sheet glass, plate glass, fluted glass, ground glass, wired glass, safety 

glass, bullet-proof glass, insulating glass, foam glass, glass blocks, soluble glass, ultra violet 

glass, structural glass, glass fiber (or) glass war. 
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ABRASIVES:- 

1. An abrasive is commonly made of ceramic material 

 
2. An abrasive is hard, mechanically resistance i.e material used for grinding (or) cutting 

 
3. An abrasive an wear away softer material 

 
4. An abrasive may be natural (diamond) (or) synthetic 

 
5. Synthatic abrasives are prefer because greater uniform of hardness & structure can be obtained 

and other desired properties can be introduced. 

CLASSFICATION OF ABRASIVES:- 
 

1. Hard Abrasives 2. Siliceous Abrasives 
 

3. Soft Abrasives 4. Artificial Abrasives 

 
 

1. HARD ABRASIVES:- 
 

 These are diamond, corundum, emery and garnet 

 (i) Diamond is a crystalline form of carbon found in nature diamond is the hardest 

material known and it out lasts other abrasive by factors of 10-100 more. 

Uses: wire drawing dies, drills for drilling hard locks, dressing for grounding wheels, polishing 

(or) carbide metals glasses, ceramics etc 

EMERY:- 

 
1. It is a natural abrasive 

2. Emery papers are used polishing metal 

 

SILICEOUS ABRASIVES:- 

 
These abrasives are quartz, flint, chart, quartzite, sand stone and plumice which are all 

compassed chiefly of silica. 
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Sand Stone:- 

1. It is a natural abrasive 

2. .it is used for sharpening wood working tools 

 
Quartz: 

 
1. It is a natural abrasive 

2. It is used for sand paper for wood & fine grinding 

 

ARTIFICIAL ABRASIVE: - 
SiC:- 

 

1. It is a synthetic, artificial (or) manufactured abrasive 
 

2. To manufacture sic sand. Cock & sea dust are mixed at high temperature electrical arc (4500c) 

is passed through a mixture for a long time .the center of the mixture is converted into sic which 

is then crushed 
 

 

Applications: - 

SiO2+2c ----- SiC+CO2 

 

1. Sic better known by one of its trade name carborcndum 

2. For making grinding wheels 

3. for refraction material 

4. .as heating, element in the electrically heated industrial furnaces 

5. as pipe 

6. 6.it is used as a pumps for pumping sand 

 
Al2O3 (ALUMINIUM OXIDE):- 

 
1. It is obtained by heating AL salts 

 

2. A wide variation of properties is possible depending upon the treatment 
 

3. It has a color, lighter then sic 
 

4.it is not quite so hard as sic , but is tough and more resistance to impact 
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USES: - 

 
1. for polishing cast iron, non-ferrous metals and high nature finishing of stainless steel. 

 
2. Floor sanding machine 

 

NANO TECHNOLOGY:- 

 nano technology is the technology that controlles matter at a smaller scale can bring 

miniraiturisation of things 

 

Which is a luxury for the present generation but nesting for the future generation? 
 

 It is the only technology which is found to be multi disciplinary that the scientific 

communities of various disciplinary throughout the world are involved in developing a new kind 

of material era.. 

Various studies of a nano particle, revels, that at nano scale, the properties of traditional 

materials change and the behavior of surface starts to dominate the behavior of bulk material 

 Nano materials are crystalline materials having grain size on the order of many atoms 

 nano materials normally have grain size very from microns to millimeter 

 A micron is a millionth of meter (106). A nano meter is very smaller then even microns 

with is a billionth of meter (10-9) 

 nano materials can be in-organic, organic as well as bio-organic materials 

 Anano-crystalline materials have grain of the order of 1-100mm 

MAJOR FIELDS OF NANO TECHNOLOGY:- 

 
 One of the important fields of development in the biotechnological field. 

 In this field the manipulation of genes tissue engineering, drug system etc…of nano sale 

levels 

  This technology is used in computers, cell phones, bio-medical robots, batteries, 

sensors. Solar cells etc.Will produce fruit feel results & in the future. 
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AREAS   OF   COMMERTIAL   APPLICATION OF   NANO   TECHNOLOGY IN 

FEATURES: - 

even through the real fruits of nano technology will reach the people after 10-18 

years period of time these include tissue engineering, genetic engineering, cancer research, 

medical imaging system, carbon nano tubes, sensors, lubricants, films, paints, explosives, 

textiles etc.. 

`APPLICATIONS OF NANO MATERIALS:- 

1.Tougher & harder cutting tools :- 

 
Nano materials cutting tools made of nano crystalline, tic, tantalum, carbide are extremely 

tough with very high wear-resistance. Such cutting tools can operate at higher temperatures 

with higher speed reducing the production time. 

Also miniaturized cutting tools such as micro drill and cutters with enhanced edge, 

endurance and wear resistance. can Successfully careful in micro electronic system 

 Mechanical ceramics:- sic, silicon nitride, have been applied in automatic applications 

such as high strength springs ,ball bearings ,due to their excellent physical chemical & 

mechanical properties 

COMPOSITE MATERIALS:- 

Composite materials are produced by combining two dis-similar 

materials into a new material that may be better suited for a particular application than either of 

the original material alone. 

Ex: - Fiber glass, Reinferced plastics commonly used in house hold goods and in many industrial  

applications. 

Their plastic alone is relatively weak& has low elastic modulus i.e., it bends and stretch 

easily. The glass fiber provides strength and stiffness; their modulus of elasticity may be 

sometimes more than that of plastics. Since glass fiber can with stand much higher tensile strength 

before yielding occurs. They take most of load when composite is stressed. 

Metals, Ceramics, Glasses, Polymers and cement can be combined in composite materials to 

produce unique characteristics such as stiffness, toughness and high temperature strength. 
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Many composite materials are composed of just two phases one is termed as matrix 

which is continuous and the other phase often called the dispersed phase 

Classification of composite materials:- 
 

 

 
Manufacturing of composites 

 

1. Open Mold Processes- some of the original FRP manual procedures for laying resins and 

fibers onto forms 

2. Closed Mold Processes- much the same as those used in plastic molding 
 

3. Filament Winding- continuous filaments are dipped in liquid resin and wrapped around a 

rotating mandrel, producing a rigid, hollow, cylindrical shape 
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 A polymer matrix composite (PMC) is a composite material consisting of a polymer 

imbedded with a reinforcing phase such as fibers or powders 

 FRP composites can be designed with very high strength-to-weight and modulus-to- 

weight ratios 

 These features make them attractive in aircraft, cars, trucks, boats, and sports equipment 

 
Particle Reinforced Composite:- 

 
The dispersed phase of particle reinforced composite is equi axed (Particle dimensions are 

approx same in all directions) 

Large particle Composite:- 
 

Fillers are added to some polymeric materials produces large particle composite. The fillers 

modified or improve the properties of materials and replace some of the polymers volume with 

less expensive fillers materials 

Ex:- 

 
1. Concrete is an example of large particle compsites.It is composed of cement and sanded 

gravels. The particles have a verity of geometry but they should be approximately the same 

dimensions in all in all directions (equi axed). 

2. Particles should be small and evenly distributed thought matrix for effective reinforced. 

More over the volume fraction of the two phases influence the behavior. 

3. Mechanical properties are enhanced with increasing the particulate content. 

 
4. Large particles composites are utilized with 3 material types i.e., Metals ,Ceramics and 

polymers. 
 

Example of ceramic metals composites are cermet, cementite carbide which are composed of extremely 

hard particles of a refractory carbide ceramics. Such as wc,Tic etc.... embedded in a matrix of  

metals such as Cu or Ni is the common cermet.These composites are widely used as a cutting 

tools. 
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Dispersed strengthen Composite:- 
 

This type of composite contains small particulates with increses the strength of the composite 

by blocking the movement of dislocation. 

Ex:-Sintered Aluminium Powder (SAP) 

 
SAP has an Al matrix which contains op to 14% Al2O3.This composite is produced with 

powder metallurgy process where the powder are mixed compacted at high pressure and sintered 

together. 

Sintering involves heating a material until the particles of the material fuse together only 

the particles are generally bonded together the whole doesn't melt. 

Application:- Ag-cdo used as a electrical contact material 

Pb-pbo used in battery plates 

Ba-bao used in nuclear reactors & aerospace components 

 
The high temp strength of Ni alloy may be enhanced significantly by the addition of about 3% 

volume of Thoria (Tho2) as finely dispersed particles. This material is known as Thoria dispersed 

Nickel. 

Fiber Reinforced Composite:- 

 

 
Fig: fiber Reinforced Composite 
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These are strong fibers embedded in a strong matrix produce products with high strength 

to weight ratio. 

The matrix material transmits the load to the fibers, which absorbs the stress. 

 
2. Fiber reinforced composite with exceptionally high specific strength and moduli have been 

produced that utilize low density fillers and matrix materials. 

3.Some critical length is necessary for effective strengthening and stiffing the composite 

meterial.The critical lengths(lc) depends upon the fiber diameter(d) and its ultimate tensile change 

of fiber(sigma f) and matrix bond strength(Tc). 

 

 
2. DISCONTINOUS FRP: 
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Fabrication of FRP: Fabrication processes of composites are 

 
 Hand layup process 

 Filament winding process 

 Pultrusion process 
 

Hand layup process 
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Filament Winding 

 

 

Pultrusion 

 
– Continuous fibers pulled through resin tank, then performing die & oven to cure 

 

 

 

 

 
Fig: Pultrusion process 



Ceramics & Composite Materials 

DEPARTMENT OF MECHANICAL Page 20 

 

 

 

 

 
 

Laminar Composites 
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Sandwich panels 

 

 
Hybrid composites 

 

Types of composites 

Cermets/Ceramal 

The Cermet is an abbreviation for the "'ceramic" and "metal." A Cermets is a composite  

material composed of ceramic (Cer) and metallic (Met) materials. A Cermet is ideally designed 

to have the optimal properties of both a ceramic, such as high temperature resistance and hardness, 

and those of a metal, such as the ability to undergo plastic deformation. The metal is used as a 

binder for an oxide, boride, carbide, or alumina. Generally, the metallic elements used are nickel, 

molybdenum, and cobalt. Depending on the physical structure of the material, cermets can also be 

metal matrix composites, but cermets are usually less than 20% metal by volume. 
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It is used in the manufacture of resistors (especially potentiometers), capacitors, and other 

Electronic components which may experience high temperatures. 

Some types of cermet are also being considered for use as spacecraft shielding as they 

resist the high velocity impacts of micrometeoroids and orbital debris much more effectively 

than more traditional spacecraft materials such as aluminum and other metals. 

One application of these materials is their use in vacuum tube coatings, which are key to 

solar hot water systems. Cermets are also used in dentistry as a material for fillings and 

prostheses. Also it used in machining on cutting tools. 

Cermets are one of the premier groups of particle strengthened composites and usually 

comprises ceramic grains of borides, carbides or oxides. The grains are dispersed in a refractory 

ductile metal matrix, which accounts for 20 to 85% of the total volume. The bonding between 

ceramic and metal constituents is the result of a small measure of mutual solutions. 

Metal oxide systems show poor bonding and require additional bonding agents. Cermet 

Structures are usually produced using power metallurgy techniques. Their potential properties 

are several and varied depending on the relative volumes and compositions and of the metal and 

ceramic constituents. Impregnation of a porous ceramic structure with a metallic matrix binder is 

another method used to produce cermets. Cermets may be employed as coating in a power form. 

The power is sprayed through a gas flame and fused to a base material. A wide variety of cermets 

have been produced on a small scale, but only a few have appreciable value commercially. 
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Carbon-carbon composites 

 

 
 

Metal matrix composites (MMCs): 
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Introduction 

Although it is undoubtedly true that the high strength of composites is largely due to the fiber 

reinforcement, the importance of matrix material cannot be underestimated as it provides support for 

the fibers and assists the fibers in carrying the loads. It also provides stability to the composite 

material. Resin matrix system acts as a binding agent in a structural component in which the 

fibers are embedded. When too much resin is used, the part is classified as resin rich. On the other 

hand if there is too little resin, the part is called resin starved. A resin rich part is more susceptible 

to cracking due to lack of fiber support, whereas a resin starved part is weaker because of void areas 

and the fact that fibers are not held together and they are not well supported. 

Matrix Selection 

Thermodynamically stable dispersions are essential for the use of metal matrix composites 

for high temperature applications. This can be done by using an alloy dispersion system in 

which solid state diffusivity, interfacial energies and elemental solubility are minimized, in turn 

reducing coarsening and interfacial reactions. Aluminium and magnesium alloys are regarded as 

widely used matrices due to low density and high thermal conductivity. Composites with low matrix 

alloying additions result in attractive combinations of ductility, toughness and strength. In 

discontinuous reinforced metal matrix composites minor alloying elements, used in wrought alloys 

as grain refiners, are not required. These additions should be avoided since coarse inter-metallic 

compounds get formed during consolidation, thus, reducing the tensile ductility of the composite. 

Role of matrix materials 

The choice of a matrix alloy for an MMC is dictated by several considerations. Of particular 

importance is whether the composite is to be continuously or discontinuously reinforced. The use 

of continuous fibers as reinforcements may result in transfer of most of the load to the reinforcing 

filaments and hence composite strength will be governed primarily by the fiber strength. The primary 

roles of the matrix alloy then are to provide efficient transfer of load to the fibers and to blunt cracks 

in the event that fiber failure occurs and so the matrix alloy for continuously reinforced composites 

may be chosen more for toughness than for strength. On this basis, lower strength, more ductile, 

and tougher matrix alloys may be utilized in continuously 
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reinforced composites. For discontinuously reinforced composites, the matrix may govern 

composite strength. Then, the choice of matrix will be influenced by consideration of the required 

composite strength and higher strength matrix alloys may be required. 

Additional considerations in the choice of the matrix include potential 

reinforcement/matrix reactions, either during processing or in service, which might result in 

degraded composite performance; thermal stresses due to thermal expansion mismatch between 

the reinforcements and the matrix; and the influence of matrix fatigue behavior on the cyclic 

response of the composite. Indeed, the behavior of composites under cyclic loading conditions is 

an area requiring special consideration. In composites intended for use at elevated temperatures,  

an additional consideration is the difference in melting temperatures between the matrix and the 

reinforcements. A large melting temperature difference may result in matrix creep while the 

reinforcements remain elastic, even at temperatures approaching the matrix melting point. 

However, creep in both the matrix and reinforcement must be considered when there is a small 

melting point difference in the composite. 

Functions of a Matrix 

In a composite material, the matrix material serves the following functions: 

• Holds the fibers together. 

• Protects the fibers from environment. 

• Distributes the loads evenly between fibers so that all fibers are subjected to the same 

amount of strain. 

• Enhances transverse properties of a laminate. 

• Improves impact and fracture resistance of a component. 

Helps to avoid propagation of crack growth through the fibers by providing alternate failure 

path along the interface between the fibers and the matrix. 

• Carry interlaminar shear. 

The matrix plays a minor role in the tensile load-carrying capacity of a composite structure. 

However, selection of a matrix has a major influence on the interlaminar shear as well as in-plane 

shear properties of the composite material. 
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The interlaminar shear strength is an important design consideration for structures under  

bending loads, whereas the in-plane shear strength is important under torsion loads. The matrix 

provides lateral support against the possibility of fiber buckling under compression loading, thus 

influencing to some extent the compressive strength of the composite material. The interaction 

between fibers and matrix is also important in designing damage tolerant structures. Finally, the 

processability and defects in a composite material depend strongly on the physical and thermal 

characteristics, such as viscosity, melting point, and curing temperature of the matrix. 

Desired Properties of a Matrix 

The needs or desired properties of the matrix which are important for a composite structure are 

as follows: 

• Reduced moisture absorption. 

• Low shrinkage. 

• Low coefficient of thermal expansion. 

• Good flow characteristics so that it penetrates the fiber bundles completely and eliminates 

voids during the compacting/curing process. 

• Reasonable strength, modulus and elongation (elongation should be greater than fibre). 

• Must be elastic to transfer load to fibers. 

• Strength at elevated temperature (depending on application). 

• Low temperature capability (depending on application). 

• Excellent chemical resistance (depending on application). 

• Should be easily process able into the final composite shape. 

• Dimensional stability (maintains its shape). 

 
As stated above, the matrix causes the stress to be distributed more evenly between all fibers by 

causing the fibers to suffer the same strain. The stress is transmitted by shear process, which requires 

good bonding between fiber and matrix and also high shear strength and modulus for the matrix 

itself. One of the important properties of cured matrix system is its glass transition temperature (T) at 

which the matrix begins to soften and exhibits a decrease in mechanical properties. The glass transition 

temperature is not only an important parameter for dimensional stability of a composite part under 

influence of heat, but it also has effect on most of the physical properties of the matrix system at 

ambient temperature. 
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As the load is primarily carried by the fibers, the overall elongation of a composite material 

is governed by the elongation to failure of the fibers that is usually 1-1.5%. A significant property 

of the matrix is that it should not crack. 

The function of the matrix in a composite material will vary depending on how the 

composite is stressed. For example, in case of compressive loading, the matrix prevents the fibers 

from buckling and is, therefore, a very critical part of the composite since without it; the 

reinforcement could carry no load. On the contrary, a bundle of fibers could sustain high tensile  

loads in the direction of the filaments without a matrix. Some of the physical properties of the 

matrix which influence the behavior of composites are: 

• Shrinkage during cure, 

• Modulus of elasticity, 

• Ultimate elongation, 

• Strength (tensile, compressive and shear), and 

• Fracture toughness. 

 
Factors considered for Selection of Matrix 
In selecting matrix material, following factors may be taken into consideration: 

• The matrix must have a mechanical strength commensurate with that of the 

reinforcement i.e. both should be compatible. Thus, if a high strength fiber is used as 

the reinforcement, there is no point using a low strength matrix, which will not transmit 

stresses efficiently to the reinforcement. 

• The matrix must stand up to the service conditions, viz., temperature, humidity, exposure 

to ultra-violet environment, exposure to chemical atmosphere, abrasion by dust 

particles, etc. 

• The matrix must be easy to use in the selected fabrication process. 

• Smoke requirements. 

• Life expectancy. 

• The resultant composite should be cost effective. 

The fibers are saturated with a liquid resin before it cures to a solid. The solid resin is then 

said to be the matrix for the fibers. 
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Advantages and Limitations of Composites Materials 

Advantages of Composites 

The advantages exhibited by composite materials, which are of significant use in aerospace 

industry are as follows: 

• High resistance to fatigue and corrosion degradation. 

• High ‘strength or stiffness to weight’ ratio. As enumerated above, weight savings are significant 

ranging from 25-45% of the weight of conventional metallic designs. 

• Due to greater reliability, there are fewer inspections and structural repairs. 

• Directional tailoring capabilities to meet the design requirements. The fibre pattern can be laid 

in a manner that will tailor the structure to efficiently sustain the applied loads. 

• Fiber to fiber redundant load path. 

• Improved dent resistance is normally achieved. Composite panels do not sustain damage as 

easily as thin gage sheet metals. 

• It is easier to achieve smooth aerodynamic profiles for drag reduction. Complex double- 

curvature parts with a smooth surface finish can be made in one manufacturing operation. 

• Composites offer improved  torsion stiffness. This implies high whirling speeds, reduced 

number of intermediate bearings and supporting structural elements. The overall part count and 

manufacturing & assembly costs are thus reduced. 

• High resistance to impact damage. 

• Thermoplastics have rapid process cycles, making them attractive for high volume commercial 

applications that traditionally have been the domain of sheet metals. Moreover, thermoplastics can 

also be reformed. 

• Like metals, thermoplastics have indefinite shelf life. 

• Composites are dimensionally stable i.e. they have low thermal conductivity and low 

coefficient of thermal expansion. Composite materials can be tailored to comply with a broad range 

of thermal expansion design requirements and to minimize thermal stresses. 

• Manufacture and assembly are simplified because of part integration (joint/fastener reduction)  

thereby reducing cost. 

• The improved weather ability of composites in a marine environment as well as their corrosion 

resistance and durability reduce the down time for maintenance. 
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• Close tolerances can be achieved without machining. 

• Material is reduced because composite parts and structures are frequently built to shape rather 

than machined to the required configuration, as is common with metals. 

• Excellent heat sink properties of composites, especially Carbon-Carbon, combined with their 

lightweight have extended their use for aircraft brakes. 

• Improved friction and wear properties. 

• The ability to tailor the basic material properties of a Laminate has allowed new approaches to 

the design of aero elastic flight structures. 

The above advantages translate not only into airplane, but also into common implements and 

equipment such as a graphite racquet that has inherent damping, and causes less fatigue and pain to the 

user. 

Limitations of Composites 

Some of the associated disadvantages of advanced composites are as follows: 

• High cost of raw materials and fabrication. 

• Composites are more brittle than wrought metals and thus are more easily damaged. 

• Transverse properties may be weak. 

• Matrix is weak, therefore, low toughness. 

• Reuse and disposal may be difficult. 

• Difficult to attach. 

• Repair introduces new problems, for the following reasons: 

 Materials require refrigerated transport and storage and have limited shelf life. 

 Hot curing is necessary in many cases requiring special tooling. 

 Hot or cold curing takes time. 

 Analysis is difficult. 

 Matrix is subject to environmental degradation. 

 
However, proper design and material selection can circumvent many of the above 

disadvantages. 

New technology has provided a variety of reinforcing fibers and matrices those can be 

combined to form composites having a wide range of exceptional properties. Since the advanced 

composites are capable of providing structural efficiency at lower weights as compared to equivalent 

metallic structures, they have emerged as the primary materials for future use. 
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In aircraft application, advanced fiber reinforced composites are now being used in many structural 

applications, viz. floor beams, engine cowlings, flight control surfaces, landing gear doors, wing-to- 

body fairings, etc., and also major load carrying structures including the vertical and horizontal 

stabilizer main torque boxes. 

Composites are also being considered for use in improvements to civil infrastructures, viz.,  

earthquake proof highway supports, power generating wind mills, long span bridges, etc. 

Comparison with Metals 

Requirements governing the choice of materials apply to both metals and reinforced plastics. It is, 

therefore, imperative to briefly compare main characteristics of the two. 

• Composites offer significant weight saving over existing metals. Composites can provide 

structures that are 25-45% lighter than the conventional aluminium structures designed to 

meet the same functional requirements. This is due to the lower density of the composites. 

Depending on material form, composite densities range from 1260 to 1820 kg/in
3 

(0.045 

to 0.065 lb/in
3

) as compared to 2800 kg/in
3 

(0.10 lb/in
3

) for aluminium. Some applications 

may require thicker composite sections to meet strength/stiffness requirements, however, 

weight savings will still result. 

• Unidirectional fibre composites have specific tensile strength (ratio of material strength to 

density) about 4 to 6 times greater than that of steel and aluminium. 

• Unidirectional composites have specific -modulus (ratio of the material stiffness to density) 

about 3 to 5 times greater than that of steel and aluminium. 

• Fatigue endurance limit of composites may approach 60% of their ultimate tensile 

strength. For steel and aluminium, this value is considerably lower. 

• Fiber composites are more versatile than metals, and can be tailored to meet performance 

needs and complex design requirements such as aero-elastic loading on the wings and the 

vertical & the horizontal stabilizers of aircraft. 

• Fiber reinforced composites can be designed with excellent structural damping features. As 

such, they are less noisy and provide lower vibration transmission than metals. 

• High corrosion resistance of fiber composites contributes to reduce life- cycle cost. 
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• Composites offer lower manufacturing cost principally by reducing significantly the 

number of detailed parts and expensive technical joints required to form large metal 

Structural components. In other words, composite parts can eliminate joints/fasteners 

thereby providing parts simplification and integrated design. 

• Long term service experience of composite material environment and durability behavior 

is limited in comparison with metals. 



Grain Size (d )
Micrometers

Inverse of Grain
Size Square Root
(Micrometers)1/2 Yield Stress (MPa)

15 0.25819889 200

25 0.2 165

35 0.169030851 150

50 0.141421356 130

70 0.119522861 120

100 0.1 110

150 0.081649658 100

When the yield stress ðsÞ and d1=2 values are fitted to a straight line
equation, we get the slope (K) as 567.53 MPa(mm)1=2 and the intercept ðs0Þ ¼
52:54 MPa. Thus, in this case, the Hall-Petch equation is

s ¼ 52:54 MPaþ 567:53ðMPa  mm1=2Þ d1=2

From this, for a grain size of 10 mm, the predicted yield strength for the Mg
alloy will be

s ¼ 52:54 MPa þ 567:53ðMPa  mm1=2Þ ð10Þ1=2

Therefore, the predicted yield strength of an Mg-alloy casting with a 10 mm
grain size will be 232 MPa.

14-3 Copper A l loys

Copper occurs in nature as sulfides and also as elemental copper. Copper was extracted
successfully from rock long before iron, since the relatively lower temperatures required
for copper extraction could be achieved more easily. Copper is typically produced by a
pyrometallurgical (high-temperature) process. The copper ore containing high-sulfur
contents is concentrated, then converted into a molten immiscible liquid containing
copper sulfide-iron sulfide and is known as a copper matte. This is done in a flash
smelter. In a separate reactor, known as a copper converter, oxygen introduced to the
matte converts the iron sulfide to iron oxide and the copper sulfide to an impure copper
called blister copper, which is then purified electrolytically. Other methods for copper
extraction include leaching copper from low-sulfur ores with an acid, then electrolyti-
cally extracting the copper from the solution.

Copper-based alloys have higher densities than that for steels. Although the yield
strength of some alloys is high, their specific strength is typically less than that of alu-
minum or magnesium alloys. These alloys have better resistance to fatigue, creep, and
wear than the lightweight aluminum and magnesium alloys. Many of these alloys have
excellent ductility, corrosion resistance, electrical and thermal conductivity, and most
can easily be joined or fabricated into useful shapes. Applications for copper-based
alloys include electrical components (such as wire), pumps, valves, and plumbing parts,
where these properties are used to advantage.

Copper alloys are also unusual in that they may be selected to produce an appro-
priate decorative color. Pure copper is red; zinc additions produce a yellow color, and
nickel produces a silver color. Copper can corrode easily; forming a basic copper sulfate
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(CuSO4  3Cu(OH)2). This is a green compound that is insoluble in water (but soluble in
acids). This green patina provides an attractive finish for many applications. The Statue
of Liberty is green because of the green patina of the oxidized copper skin that covers
the steel structure.

The wide variety of copper-based alloys take advantage of all of the strengthening
mechanisms that we have discussed. The e¤ects of these strengthening mechanisms on
the mechanical properties are summarized in Table 14-7.

Copper containing less than 0.1% impurities is used for electrical and micro-
electronics applications. Small amounts of cadmium, silver, and Al2O3 improve their
hardness without significantly impairing conductivity. The single-phase copper alloys
are strengthened by cold working. Examples of this e¤ect are shown in Table 14-7. The
FCC structure of copper provides for excellent ductility and a high strain-hardening
coe‰cient.

Solid-Solution-Strengthened Alloys A number of copper-based alloys contain large
quantities of alloying elements, yet remain single phase. Important binary phase dia-
grams are shown in Figure 14-6. The copper-zinc, or brass, alloys with less than 40% Zn
form single-phase solid solutions of zinc in copper. The mechanical properties—even
elongation—increase as the zinc content increases (Figure 10-8). These alloys can be
cold formed into rather complicated yet corrosion-resistant components. Bronzes are
alloys of copper containing tin and can certainly contain other elements. Manganese
bronze is a particularly high-strength alloy containing manganese as well as zinc for
solid-solution strengthening.

Tin bronzes, often called phosphor bronzes, may contain up to 10% Sn and remain
single phase. The phase diagram predicts that the alloy will contain the Cu3Sn (e) com-
pound. However, the kinetics of the reaction are so slow that the precipitate particles
often do not form.

Alloys containing less than about 9% Al or less than 3% Si are also single phase.
These aluminum bronzes and silicon bronzes have good forming characteristics and are
often selected for their good strength and excellent toughness.

TABLE 14-7 9 Properties of typical copper alloys obtained by different strengthening mechanisms

Tensile Yield
Strength Strength % Strengthening

Material (psi) (psi) Elongation Mechanism

Pure Cu, annealed 30,300 4,800 60 None

Commercially pure Cu, annealed

to coarse grain size

32,000 10,000 55 Solid solution

Commercially pure Cu, annealed

to fine grain size

34,000 11,000 55 Grain size

Commercially pure Cu,

cold-worked 70%

57,000 53,000 4 Strain hardening

Annealed Cu-35% Zn 47,000 15,000 62 Solid solution

Annealed Cu-10% Sn 66,000 28,000 68 Solid solution

Cold-worked Cu-35% Zn 98,000 63,000 3 Solid solutionþ
strain hardening

Age-hardened Cu-2% Be 190,000 175,000 4 Age hardening

Quenched and tempered Cu-Al 110,000 60,000 5 Martensitic reaction

Cast manganese bronze 71,000 28,000 30 Eutectoid reaction
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Age-Hardenable Alloys A number of copper-base alloys display an age-hardening
response, including zirconium-copper, chromium-copper, and beryllium-copper. The
copper-beryllium alloys are used for their high strength, their high sti¤ness (making
them useful as springs and fine wires), and their nonsparking qualities (making them
useful for tools to be used near flammable gases and liquids).

Figure 14-6 Binary phase diagrams for the (a) copper-zinc, (b) copper-tin, (c) copper-
aluminum, and (d) copper-beryllium systems.
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Phase Transformations Aluminum bronzes that contain over 9% Al can form b phase
on heating above 565C, the eutectoid temperature [Figure 14-6(c)]. On subsequent
cooling, the eutectoid reaction produces a lamellar structure (like pearlite) that contains
a brittle g2 compound. The low-temperature peritectoid reaction, aþ g2 ! g, normally
does not occur. The eutectoid product is relatively weak and brittle, but we can rapidly
quench the b to produce martensite, or b 0, which has high strength and low ductility.
When b 0 is subsequently tempered, a combination of high strength, good ductility, and
excellent toughness is obtained as fine platelets of a precipitate from the b 0.

Leaded-Copper Alloys Virtually any of the wrought alloys may contain up to 4.5% Pb.
The lead forms a monotectic reaction with copper and produces tiny lead spheres as
the last liquid to solidify. The lead improves machining characteristics. Use of leaded-
copper alloys, however, has a major environmental impact and, consequently, new
alloys that are lead free have been developed. The following two examples illustrate the
use of copper-based alloys.

EXAMPLE 14-5 Design/Materials Selection for an Electrical Switch

Design the contacts for a switch or relay that opens and closes a high-current
electrical circuit.

SOLUTION

When the switch or relay opens and closes, contact between the conductive
surfaces can cause wear and result in poor contact and arcing. A high hardness
would minimize wear, but the contact materials must allow the high current to
pass through the connection without overheating or arcing.

Therefore, our design must provide for both good electrical conductivity
and good wear resistance. A relatively pure copper alloy dispersion strength-
ened with a hard phase that does not disturb the copper lattice would, perhaps,
be ideal. In a Cu-Al2O3 alloy, the hard ceramic-oxide particles provide wear
resistance but do not interfere with the electrical conductivity of the copper
matrix. In fact, as the oxygen dissolved in the copper matrix is removed, the
conductivity actually increases. There are also other materials such as W-Ag
alloys that are also used.

EXAMPLE 14-6 Design of a Heat Treatment for a Cu-Al Alloy Gear

Design the heat treatment required to produce a high-strength aluminum-
bronze gear containing 10% Al.

SOLUTION

The aluminum bronze can be strengthened by a quench and temper heat treat-
ment. We must heat above 900C to obtain 100% b for a Cu-10% Al alloy
[Figure 14-6(c)]. The eutectoid temperature for the alloy is 565C. Therefore,
our recommended heat treatment is:
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1. Heat the alloy to 950C and hold to produce 100% b.

2. Quench the alloy to room temperature to cause b to transform to marten-
site, b 0, which is supersaturated in copper.

3. Temper below 565C; a temperature of 400C might be suitable. During
tempering, the martensite transforms to a and g2. The amount of the g2 that
forms at 400C is:

% g2 ¼
10 9:4

15:6 9:4
 100 ¼ 9:7%

4. Cool rapidly to room temperature so that the equilibrium g does not form.

Note that if tempering were carried out below about 370C, g would form
rather than g2.

14-4 Nickel and Cobal t A l loys

Nickel and cobalt alloys are used for corrosion protection and for high-temperature
resistance, taking advantage of their high melting points and high strengths. Nickel is
FCC and has good formability; cobalt is an allotropic metal, with an FCC structure
above 417C and an HCP structure at lower temperatures. Special cobalt alloys are
used for exceptional wear resistance and, because of biocompatibility for prosthetic de-
vices. Typical alloys and their applications are listed in Table 14-8.

TABLE 14-8 9 Compositions, properties, and applications for selected nickel and cobalt alloys

Tensile Yield
Strength Strength % Strengthening

Material (psi) (psi) Elongation Mechanism Applications

Pure Ni (99.9% Ni) 50,000 16,000 45 Annealed Corrosion resistance

95,000 90,000 4 Cold-worked Corrosion resistance

Ni-Cu alloys:

Monel 400 (Ni-31.5% Cu) 78,000 39,000 37 Annealed Valves, pumps, heat exchangers

Monel K-500 (Ni-29.5%

Cu-2.7% Al-0.6% Ti)

150,000 110,000 30 Aged Shafts, springs, impellers

Ni superalloys:

Inconel 600 (Ni-15.5%

Cr-8% Fe)

90,000 29,000 49 Carbides Heat-treatment equipment

Hastelloy B-2 (Ni-28% Mo) 130,000 60,000 61 Carbides Corrosion resistance

DS-Ni (Ni-2% ThO2) 71,000 48,000 14 Dispersion Gas turbines

Fe-Ni superalloys:

Incoloy 800 (Ni-46%

Fe-21% Cr)

89,000 41,000 37 Carbides Heat exchangers

Co superalloys:

Stellite 6B (60% Co-30%

Cr-4.5% W)

177,000 103,000 4 Carbides Abrasive wear resistance
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In Chapter 9, we saw how rapidly solidified powders of nickel- and cobalt-based
superalloys can be formed using spray atomization followed by hot isostatic pressing.
These materials are used to make the rings that retain turbine blades, as well as for
turbine blades for aircraft engines. In Chapter 12, we mentioned shape-memory alloys
based on Ni-Ti. Iron, nickel and cobalt are magnetic. Certain Fe-Ni- and Fe-Co-based
alloys form very good magnetic materials. A Ni-36% Fe alloy (Invar) displays practi-
cally no expansion during heating; this e¤ect is exploited in producing bimetallic com-
posite materials. Cobalt is used as a tough phase that absorbs shocks and vibrations in
WC-Co cutting tools.

Nickel and Monel Nickel and its alloys have excellent corrosion resistance and form-
ing characteristics. When copper is added to nickel, the maximum strength is obtained
near 60% Ni. A number of alloys, called monels, with approximately this composition
are used for their strength and corrosion resistance in salt water and at elevated tem-
peratures. Some of the monels contain small amounts of aluminum and titanium. These
alloys show an age-hardening response by the precipitation of g 0, a coherent Ni3Al or
Ni3Ti precipitate which nearly doubles the tensile properties. The precipitates resist
overaging at temperatures up to 425C (Figure 14-7).

Superalloys Nickel, iron-nickel, and cobalt alloys that contain large amounts of
alloying elements intended to produce a combination of high strength at elevated tem-
peratures, resistance to creep at temperatures up to 1000C, and resistance to corrosion.
These superalloys excellent high-temperature properties are obtained even though the
melting temperatures of the alloys are about the same as that for steels. Typical
applications include vanes and blades for turbine and jet engines, heat exchangers,
chemical reaction vessel components, and heat-treating equipment.

To obtain high strength and creep resistance, the alloying elements must produce
a stable microstructure at high temperatures. Solid-solution strengthening, dispersion
strengthening, and precipitation hardening generally are employed.

Figure 14-7
The effect of temperature
on the tensile strength of
several nickel-based
alloys.
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Solid-Solution Strengthening Large additions of chromium, molybdenum, and tung-
sten and smaller additions of tantalum, zirconium, niobium, and boron provide solid-
solution strengthening. The e¤ects of solid-solution strengthening are stable and, con-
sequently, make the alloy resistant to creep, particularly when large atoms such as
molybdenum and tungsten (which di¤use slowly) are used.

Carbide-Dispersion Strengthening All alloys contain a small amount of carbon which,
by combining with other alloying elements, produces a network of fine, stable carbide
particles. The carbide network interferes with the dislocation movement and prevents
grain boundary sliding. The carbides include TiC, BC, ZrC, TaC, Cr7C3, Cr23C6,
Mo6C, and W6C, although often they are more complex and contain several alloying
elements. Stellite 6B, a cobalt-based superalloy, has unusually good wear resistance at
high temperatures due to these carbides.

Precipitation Hardening Many of the nickel and nickel-iron superalloys that contain
aluminum and titanium form the coherent precipitate g 0(Ni3Al or Ni3Ti) during aging.
The g 0 particles (Figure 14-8) have a crystal structure and lattice parameter similar to
that of the nickel matrix; this similarity leads to a low-surface energy and minimizes
overaging of the alloys, providing good strength and creep resistance even at high
temperatures.

By varying the aging temperature, precipitates of various sizes can be produced.
Small precipitates, formed at low-aging temperatures, can grow between the larger pre-
cipitates produced at higher temperatures, therefore increasing the volume percentage
of the g 0 and further increasing the strength [Figure 14-8(b)].

The high-temperature use of the superalloys can be improved when a ceramic
coating is used. The next example shows the application of a nickel-based superalloy.

Figure 14-8 (a) Microstructure of a superalloy, with carbides at the grain boundaries and
g 0 precipitates in the matrix (15,000). (b) Microstructure of a superalloy aged at two
temperatures, producing both large and small cubical g 0 precipitates (10,000). (ASM
Handbook, Vol. 9, Metallography and Microstructure (1985), ASM International, Materials
Park, OH 44073.)
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EXAMPLE 14-7 Design/Materials Selection for a High-Performance Jet Engine
Turbine Blade

Design a nickel-based superalloy for producing turbine blades for a gas turbine
aircraft engine that will have a particularly long creep-rupture time at temper-
atures approaching 1100C.

SOLUTION

First, we need a temperature stable microstructure. Addition of aluminum or
titanium permits the precipitation of up to 60 vol% of the g 0 phase during heat
treatment and may permit the alloy to operate at temperatures approaching
0.85 times the absolute melting temperature. Addition of carbon and alloying ele-
ments such as Ta and Hf permits the precipitation of alloy carbides that prevent
grain boundaries from sliding at high temperatures. Other alloying elements,
including molybdenum and tungsten, provide solid-solution strengthening.

Second, we might produce a directionally solidified or even single-crystal
turbine blade (Chapter 9). In directional solidification, only columnar grains
form during freezing, eliminating transverse grain boundaries that might
nucleate cracks. In a single crystal, no grain boundaries are present. We might
use the investment casting process, being sure to pass the liquid superalloy
through a filter to trap any tiny inclusions before the metal enters the ceramic
investment mold.

We would then heat treat the casting to assure that the carbides and g 0

precipitate with the correct size and distribution. Multiple aging temperatures
might be used to assure that the largest possible volume percent g 0 is formed.

Finally, the blade might contain small cooling channels along its length.
Air for combustion in the engine can pass through these channels, providing
active cooling to the blade, before reacting with fuel in the combustion chamber.

14-5 T i tanium Al loys

Titanium is traditionally produced from TiO2 by the Kroll process. The TiO2 is con-
verted to TiCl4 (titanium tetra chloride, also informally known as tickle!), which is
subsequently reduced to titanium metal by sodium or magnesium. The resultant tita-
nium sponge is then consolidated, alloyed as necessary, and processed using vacuum arc
melting. Recently, a new electrochemical process for the production of titanium sponge
directly from TiO2 has been reported. Titanium provides excellent corrosion resistance,
high specific strength, and good high-temperature properties. Strengths up to 200,000
psi, coupled with a density of 4.505 g/cm3, provide excellent mechanical properties. An
adherent, protective TiO2 film provides excellent resistance to corrosion and contami-
nation below 535C. Above 535C, the oxide film breaks down and small atoms such as
carbon, oxygen, nitrogen, and hydrogen embrittle the titanium.

Titanium’s excellent corrosion resistance provides applications in chemical process-
ing equipment, marine components, and biomedical implants such as hip prostheses.
Titanium is an important aerospace material, finding applications as airframe and
jet engine components. When it is combined with niobium, a superconductive inter-
metallic compound is formed; when it is combined with nickel, the resulting alloy dis-
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plays the shape-memory e¤ect; when it is combined with aluminum, a new class of
intermetallic alloys is produced, as discussed in Chapter 11. Titanium alloys are used for
sports equipment such as the heads of golf clubs.

Titanium is allotropic, with the HCP crystal structure (a) at low temperatures and
a BCC structure (b) above 882C. Alloying elements provide solid-solution strengthen-
ing and change the allotropic transformation temperature. The alloying elements can be
divided into four groups (Figure 14-9). Additions such as tin and zirconium provide
solid-solution strengthening without a¤ecting the transformation temperature. Alumi-
num, oxygen, hydrogen, and other alpha-stabilizing elements increase the temperature
at which a transforms to b. Beta stabilizers such as vanadium, tantalum, molybdenum,
and niobium lower the transformation temperature, even causing b to be stable at room
temperature. Finally, manganese, chromium, and iron produce a eutectoid reaction,

Figure 14-9 Portions of the phase diagrams for (a) titanium-tin, (b) titanium-aluminum,
(c) titanium-molybdenum, and (d) titanium-manganese.
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reducing the temperature at which the a–b transformation occurs and producing a two-
phase structure at room temperature. Several categories of titanium and its alloys are
listed in Table 14-9.

Commercially Pure Titanium Unalloyed titanium is used for its superior corrosion re-
sistance. Impurities, such as oxygen, increase the strength of the titanium (Figure 14-10)
but reduce corrosion resistance. Applications include heat exchangers, piping, reactors,
pumps, and valves for the chemical and petrochemical industries.

TABLE 14-9 9 Properties of selected titanium alloys

Tensile Yield
Strength Strength %

Material (psi) (psi) Elongation

Commercially pure Ti:

99.5% Ti 35,000 25,000 24

99.0% Ti 80,000 70,000 15

Alpha Ti alloys:

5% Al-2.5% Sn 125,000 113,000 15

Beta Ti alloys:

13% V-11% Cr-3% Al 187,000 176,000 5

Alpha-beta Ti alloys:

6% Al-4% V 150,000 140,000 8

Figure 14-10
The effect of temperature on
the yield strength of selected
titanium alloys.
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Alpha Titanium Alloys The most common of the all-alpha alloys contains 5% Al and
2.5% Sn, which provide solid-solution strengthening of the HCP alpha phase. The alpha
alloys are annealed at high temperatures in the b region. Rapid cooling gives an acicu-
lar, or Widmanstätten, a-grain structure (Figure 14-11) that provides good resistance
to fatigue. Furnace cooling gives a more plate-like a structure that provides better creep
resistance.

Beta Titanium Alloys Although large additions of vanadium or molybdenum produce
an entirely b structure at room temperature, none of the beta alloys are actually alloyed
to that extent. Instead, they are rich in b stabilizers, so that rapid cooling produces a
metastable structure composed of all b. Strengthening is obtained both from the large
amount of solid-solution-strengthening alloying elements and by aging the metastable b
structure to permit a to precipitate. Applications include high-strength fasteners, beams,
and other fittings for aerospace applications.

Alpha-Beta Titanium Alloys With proper balancing of the a and b stabilizers, a mix-
ture of a and b is produced at room temperature. Ti-6% Al-4%V, an example of this
approach, is by far the most common of all the titanium alloys. Because the alloys
contain two phases, heat treatments can be used to control the microstructure and
properties.

Annealing provides a combination of high ductility, uniform properties, and good
strength. The alloy is heated just below the b-transition temperature, permitting a small
amount of a to remain and prevent grain growth (Figure 14-12). Slow cooling causes
equiaxed a grains to form; the equiaxed structure provides good ductility and formability
while making it di‰cult for fatigue cracks to nucleate. Faster cooling, particularly from
above the a-b transus temperature, produces an acicular—or ‘‘basketweave’’—alpha
phase (Figure 14-12). Although fatigue cracks may nucleate more easily in this struc-
ture, cracks must follow a tortuous path along the boundaries between a and b. This
condition results in a low-fatigue crack growth rate, good fracture toughness, and good
resistance to creep.

Two possible microstructures can be produced when the b phase is quenched from
a high temperature. The phase diagram in Figure 14-13 includes a dashed martensite
start line, which provides the basis for a quench and temper treatment. The b trans-

Figure 14-11 (a) Annealing and (b) microstructure of rapidly cooled alpha titanium (100).
Both the grain boundary precipitate and the Widmanstätten plates are alpha. (From ASM
Handbook, Vol. 7, (1972), ASM International, Materials Park, OH 44073.)
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forms to titanium martensite (a 0) in an alloy that crosses the Ms line on cooling. The
titanium martensite is a relatively soft supersaturated phase. When a 0 is reheated, tem-
pering occurs by the precipitation of b from the supersaturated a 0:

a 0 ! aþ b precipitates

Fine b precipitates initially increase the strength compared with the a 0, opposite to what
is found when a steel martensite is tempered. However, softening occurs when temper-
ing is done at too high a temperature.

More highly alloyed a-b compositions are age-hardened. When the b phase in these
alloys is quenched, bss, which is supersaturated in titanium, remains. When bss is aged, a
precipitates in a Widmanstätten structure, (Figure 14-13):

bss ! b þ a precipitates

The formation of this structure leads to improved strength and fracture toughness.
Components for airframes, rockets, jet engines, and landing gear are typical applica-
tions for the heat-treated alpha-beta alloys. Some alloys, including the Ti-6% Al-4%V

Figure 14-12 Annealing of an alpha-beta titanium alloy. (a) Annealing is done just below the
a–b transformation temperature, (b) slow cooling gives equiaxed a grains (250), and (c) rapid
cooling yields acicular a grains (2500). (From Metals Handbook, Vol. 7, (1972), ASM
International, Materials Park, OH 44073.)

CHAPTER 14 Nonferrous Alloys458



alloy, are superplastic and can be deformed as much as 1000%. This alloy is also used
for making implants for human bodies. Titanium alloys are considered biocompatible

(i.e., they are not rejected by the body). By developing porous coatings of bone-like
ceramic compositions known as hydroxyapatite, it may be possible to make titanium
implants bioactive (i.e., the natural bone can grow into the hydroxyapatite coating). The
following three examples illustrate applications of titanium alloys.

Figure 14-13 (a) Heat treatment and (b) microstructure of the alpha-beta titanium alloys. The
structure contains primary a (large white grains) and a dark b matrix with needles of a formed
during aging (250). (From ASM Handbook, Vol. 7, (1972), ASM International, Materials Park,
OH 44073.)

EXAMPLE 14-8 Fracture Toughness of Titanium 6246 Alloy

The fracture toughness of di¤erent titanium alloys is shown in Figure 14-14.
The short transverse (ST) direction is through thickness direction, while the
length ðLÞ is the longitudinal direction or the rolling direction. A titanium-alloy
6246 plate is exposed to a stress of 200 MPa. Calculate the flaw size for a crack
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at the edge of the plate such that after this crack size the crack will grow at a
catastrophic rate. Perform this calculation for the beta annealed titanium and
ST samples. The yield stress of b-annealed, bimodal alloy, b-processed L, and
ST alloys are 1180, 1200, 1275, and 1280 MPa, respectively.

SOLUTION

For the b-annealed structure, the fracture toughness is about 60 MPa m1=2

(Figure 14-14). From Chapter 7, the plane-strain fracture toughness ðKIcÞ is
given by

KIc ¼ f  s
ffiffiffiffiffiffiffiffiffiffiffi
p a

p

The value of f is 1.12, since the crack or notch is on the edge of the sample.
Therefore,

60 MPam1=2 ¼ 1:12 ð200 MPaÞ
ffiffiffiffiffiffiffiffiffiffiffi
p a

p

This gives us a value of a, where the crack size will be 2.28 cm (i.e., any crack
that is larger than about 2.28 cm will grow catastrophically).

For the L sample, the fracture toughness is about 80 MPam1=2.
Therefore, the critical flaw length for a tensile stress of 200 MPa will be given
by

80 MPam1=2 ¼ 1:12 ð200 MPaÞ
ffiffiffiffiffiffiffiffiffiffiffi
p a

p

This works out to about 4 cm. Thus, the L sample titanium alloy with its higher
fracture toughness will be able to withstand a much larger sized crack before
the crack will grow catastrophically.

Later in Chapter 15 we will see that ceramic materials have much lower
fracture toughness, so that the critical flaw size is very small compared to that
for titanium and other alloys with very high fracture toughness.

Figure 14-14 Fracture Toughness of Titanium 6246 Alloy. (Source: Titanium,
2007, page 309, K.U. Kainer, Gerd Lutjering and James C. Williams, Figure 7.27.
With kind permission of Springer Science and Business Media.)
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EXAMPLE 14-9 Design of a Connecting Rod

Design a high-performance connecting rod for the engine of a racing auto-
mobile (Figure 14-15).

SOLUTION

A high-performance racing engine requires materials that can operate at high
temperatures and stresses while minimizing the weight of the engine. In normal
automobiles, the connecting rods are often a forged steel or a malleable cast
iron. We might be able to save considerable weight by replacing these parts
with titanium.

To achieve high strengths, we might consider an alpha-beta titanium alloy.
Because of its availability, the Ti-6% Al-4% V alloy is a good choice. The alloy
is heated to about 1065C, which is in the all-b portion of the phase diagram.
On quenching, a titanium martensite forms; subsequent tempering produces a
microstructure containing b precipitates in an a matrix.

When the heat treatment is performed in the all-b region, the tempered
martensite has an acicular structure, which reduces the rate of growth of any
fatigue cracks that might develop.

Figure 14-15
Sketch of connecting rod (for Example
14-9).

EXAMPLE 14-10 Materials for Hip Prosthesis

What type of a material would you choose for an implant to be used for a total
hip replacement implant?

SOLUTION

A hip prosthesis is intended to replace part of the worn out or damaged femur
bone. The implant has a metal head and fits down the cavity of the femur. We
need to consider the following factors: biocompatibility, corrosion resistance,
high-fracture toughness, excellent fatigue life (so that implants last for many
years since it is di‰cult to do the surgery as patients get older), and wear resis-
tance. We also need to consider the sti¤ness. If the alloy chosen is too sti¤
compared to the bone, most of the stress will be carried by the implant. This
leads to weakening of the remaining bone and, in turn, can make the implant
loose. Thus, we need a material that has a high tensile strength, corrosion re-
sistance, biocompatibility, and fracture toughness. These requirements suggest
316 stainless steel or Ti-6%Al-4% V. Neither of these materials are magnetic
and both are opaque to x-rays. This means no interference for magnetic reso-
nance and x-ray imaging. Titanium alloys are not very hard and can wear out.
Stainless steels are harder, but they are much sti¤er than bone. Titanium is
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biocompatible and would be a better choice. Perhaps a composite material in
which the stem is made from a Ti-6%Al-4% V alloy and a head that is made
from a wear-resistant, corrosion resistant, and fractured tough ceramic, such as
alumina, may be an answer. The inside of the socket could be made from an
ultra-high-density (ultra-high molecular weight) polyethylene that has a very
low-friction coe‰cient. The surface of the implant could be made porous so as
to encourage the bone to grow. Another option is to coat the implant with a
material like porous hydroxyapatite to encourage bone growth.

14-6 Refractory and Precious Meta ls

The refractory metals, which include tungsten, molybdenum, tantalum, and niobium (or
columbium), have exceptionally high-melting temperatures (above 1925C) and, conse-
quently, have the potential for high-temperature service. Applications include filaments
for light bulbs, rocket nozzles, nuclear power generators, tantalum- and niobium-based
electronic capacitors, and chemical processing equipment. These metals, however, have
a high density, limiting their specific strengths (Table 14-10).

Oxidation The refractory metals begin to oxidize between 200 and 425C and are
rapidly contaminated or embrittled. Consequently, special precautions are required
during casting, hot working, welding, or powder metallurgy. The metals must also be
protected during service at elevated temperatures. For example, the tungsten filament in
a light bulb is protected by a vacuum.

For some applications, the metals may be coated with a silicide or aluminide coat-
ing. The coating must (a) have a high melting temperature, (b) be compatible with the
refractory metal, (c) provide a di¤usion barrier to prevent contaminants from reaching
the underlying metal, and (d) have a coe‰cient of thermal expansion similar to that of
the refractory metal. Coatings are available that protect the metal to about 1650C. In
some applications, such as capacitors for cellular phones, the formation of oxides is
useful since we want to make use of the oxide as a nonconducting material.

Forming Characteristics The refractory metals, which have the BCC crystal structure,
display a ductile-to-brittle transition temperature. Because the transition temperatures

TABLE 14-10 9 Properties of some refractory metals

TF 1000˚C

Melting Tensile Yield Transition
Temperature Density Strength Strength Temperature

Metal (˚C) (g/cm3) (psi) (psi) (˚C)

Nb 2468 8.57 17,000 8,000 140

Mo 2610 10.22 50,000 30,000 30

Ta 2996 16.6 27,000 24,000 270

W 3410 19.25 66,000 15,000 300
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for niobium and tantalum are well below room temperature (Table 14-10), these two
metals can readily be formed. However, annealed molybdenum and tungsten normally
have a transition temperature above room temperature, causing them to be brittle at
room temperature. Fortunately, if these metals are hot worked to produce a fibrous
microstructure, the transition temperature is lowered and the forming characteristics are
improved.

Alloys Large increases in both room-temperature and high-temperature mechanical
properties are obtained by alloying. Tungsten alloyed with hafnium, rhenium, and car-
bon can operate up to 2100C. These alloys typically are solid-solution strengthened;
in fact, tungsten and molybdenum form a complete series of solid solutions, much
like copper and nickel. Some alloys, such as W-2% ThO2, are dispersion strengthened
by oxide particles during their manufacture by powder metallurgy processes. Com-
posite materials, such as niobium reinforced with tungsten fibers, may also improve
high-temperature properties.

Precious Metals These include gold (Au), silver (Ag), palladium (Pd), platinum (Pt),
and rhodium (Rh). As their name suggests, these are precious and expensive. From an
engineering viewpoint, these materials resist corrosion and make conductors of elec-
tricity. As a result, alloys of these materials are often used as electrodes for devices.
These electrodes are formed using a thin-film deposition (e.g., sputtering or electro-
plating) or screen printing of metal powder dispersions/pastes. Nano-sized particles of
Pt/Rh/Pd (loaded onto a ceramic support) are also used as catalysts in automobiles.
These metals facilitate the oxidation of CO to CO2 and NOx to N2 and O2. They are
also used as catalysts in petroleum refining.

SUMMARY V The ‘‘light metals’’ include low-density alloys based on aluminum, magnesium, and
beryllium. Aluminum alloys have a high specific strength due to their low density
and, as a result, find many aerospace applications. Excellent corrosion resistance
and electrical conductivity of aluminum also provide for a vast number of applica-
tions. Aluminum and magnesium are limited to use at low temperatures because of
the loss of their mechanical properties as a result of overaging or recrystallization.
Copper alloys (brasses and bronzes) are also used in many structural and other ap-
plications. Titanium alloys have intermediate densities and temperature resistance,
along with excellent corrosion resistance, leading to applications in aerospace,
chemical processing, and biomedical devices.

V Nickel and cobalt alloys, including superalloys, provide good properties at even
higher temperatures. Combined with their good corrosion resistance, these alloys
find many applications in aircraft engines and chemical processing equipment.

GLOSSARY Bioactive A material that is not rejected by the human body and eventually becomes part of the

body (e.g., hydroxyapatite).

Biocompatible A material that is not rejected by the human body.

Blister copper An impure form of copper obtained during the copper refining process.
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Brass A group of copper-based alloys, normally containing zinc as the major alloying element.

Bronze Generally, copper alloys containing tin but can contain other elements.

Castability The ease with which a metal can be poured into a mold to make a casting without

producing defects or requiring unusual or expensive techniques to prevent casting problems.

Fluidity The ability of liquid metal to fill a mold cavity without prematurely freezing.

Monel The copper-nickel alloy, containing approximately 60% Ni, that gives the maximum

strength in the binary alloy system.

Nonferrous alloy An alloy based on some metal other than iron.

Refractory metals Metals having a melting temperature above 1925C.

Specific strength The ratio of strength to density. Also called the strength-to-weight ratio.

Superalloys A group of nickel, iron-nickel, and cobalt-based alloys that have exceptional heat

resistance, creep resistance, and corrosion resistance.

Temper designation A shorthand notation using letters and numbers to describe the processing

of an alloy. H tempers refer to cold-worked alloys; T tempers refer to age-hardening treatments.

Wrought alloys Alloys that are shaped by a deformation process.

PROBLEMS3
14-1 In some cases, we may be more interested in cost

per unit volume than in cost per unit weight.
Rework Table 14-1 to show the cost in terms of
$/cm3. Does this change/alter the relationship
between the di¤erent materials?

Section 14-1 Aluminum Alloys

14-2 Assuming that the density remains unchanged,
compare the specific strength of the 2090-T6 alu-
minum alloy to that of a die-cast 443-F alumi-
num alloy. If you considered the actual density,
do you think the di¤erence between the specific
strengths would increase or become smaller?
Explain.

14-3 Explain why aluminum alloys containing more
than about 15% Mg are not used.

14-4 Would you expect a 2024-T9 aluminum alloy
to be stronger or weaker than a 2024-T6 alloy?
Explain.

14-5 Estimate the tensile strength expected for the fol-
lowing aluminum alloys:

(a) 1100-H14 (b) 5182-H12 (c) 3004-H16

14-6 Suppose, by rapid solidification from the liquid
state, that a supersaturated Al-7% Li alloy can be
produced and subsequently aged. Compare the

amount of b that will form in this alloy with that
formed in a 2090 alloy.

14-7 Determine the amount of Mg2Al3 (b) expected
to form in a 5182-O aluminum alloy (See Figure
14-2).

14-8 Based on the phase diagrams, which of the fol-
lowing alloys would be most suited for thixocast-
ing? Explain your answer. (See Figure 14-2 and
phase diagrams from Chapters 11 and 12.)

(a) Al-12% Si (b) Al-1% Cu (c) Al-10% Mg

Figure 14-2 (Repeated for Problems 14-7 and 14-8)
Portion of the aluminum-magnesium phase diagram.
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Section 14-2 Magnesium and Beryllium Alloys

14-9 From the data in Table 14-6, estimate the ratio
by which the yield strength of magnesium can
be increased by alloying and heat treatment and
compare with that of aluminum alloys.

14-10 Suppose a 24-in.-long round bar is to support a
load of 400 lb without any permanent deforma-
tion. Calculate the minimum diameter of the
bar if it is made of

(a) AZ80A-T5 magnesium alloy, and
(b) 6061-T6 aluminum alloy.

Calculate the weight of the bar and the approx-
imate cost (based on pure Al and Mg) in each
case.

14-11 A 10-m rod 0.5 cm in diameter must elongate
no more than 2 mm under load. Determine the
maximum force that can be applied if the rod is
made of:

(a) aluminum (b) magnesium (c) beryllium

14-12 For the Mg alloy AZ91, calculate the grain size
from the Hall-Petch equation for a casting that
had strength of 250 MPa (See Example 14-4).

Section 14-3 Copper Alloys

14-13 (a) Explain how pure copper is made. (b) What
are some of the important properties of copper?
(c) What is brass? (d) What is bronze? (e) Why
does the Statue of Liberty appear green?

14-14 We say that copper can contain up to 40% Zn
or 9% Al and still be single phase. How do we
explain this statement in view of the phase dia-
grams for the Cu-Zn system? [See Figure 14-6(a).]

14-15 Compare the percentage increase in the yield
strength of commercially pure annealed alumi-
num, magnesium, and copper by strain harden-
ing. Explain the di¤erences observed.

14-16 We would like to produce a quenched and
tempered aluminum bronze containing 13% Al.
Recommend a heat treatment, including appro-
priate temperatures. Calculate the amount of
each phase after each step of the treatment.

14-17 A number of casting alloys have very high lead
contents; however, the Pb content in wrought
alloys is comparatively low. Why isn’t more
lead added to the wrought alloys? What pre-
cautions must be taken when a leaded wrought
alloy is hot worked or heat treated?

14-18 Would you expect the fracture toughness of
quenched and tempered aluminum bronze to be

high or low? Would there be a di¤erence in the
resistance of the alloy to crack nucleation com-
pared with crack growth? Explain.

Section 14-4 Nickel and Cobalt Alloys

14-19 Based on the photomicrograph in Figure 14-8(a),
would you expect the g 0 precipitate or the car-
bides to provide a greater strengthening e¤ect in
superalloys at low temperatures? Explain.

14-20 The density of Ni3Al is 7.5 g/cm3. Suppose a
Ni-5 wt% Al alloy is heat treated so that all of
the aluminum reacts with nickel to produce
Ni3Al. Determine the volume percentage of
the Ni3Al precipitate in the nickel matrix.

Section 14-5 Titanium Alloys

14-21 When steel is joined using arc welding, only the
liquid fusion zone must be protected by a gas
or flux. However, when titanium is welded, both
the front and back sides of the welded metal
must be protected. Why must these extra pre-
cautions be taken when joining titanium?

14-22 Both a Ti-15% V alloy and a Ti-35% V alloy
are heated to a temperature at which all b just
forms. They are then quenched and reheated
to 300C. Describe the changes in microstruc-
ture during the heat treatment for each alloy,
including the amount of each phase. What is
the matrix and what is the precipitate in each
case? Which is an age-hardening process? Which
is a quench and temper process? [See Figure
14-13(a)].

Figure 14-8 (Repeated for Problem 14-19)
(a) Microstructure of a superalloy, with carbides at
the grain boundaries and g 0 precipitates in the matrix
(15,000).
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14-23 Determine the specific strength of the strongest
Al, Mg, Cu, Ti, and Ni alloys. Use the densities
of the pure metals, in lb/in.3 in your calcu-
lations. Try to explain their order.

14-24 Based on the phase diagrams, estimate the sol-
ubilities of Ni, Zn, Al, Sn, and Be in copper
at room temperature. Are these solubilities
expected in view of Hume-Rothery’s conditions
for solid solubility (Chapter 10)? Explain.

14-25 A titanium 6246 alloy plate of ST type was
found to have an edge crack of size 3 mm. What
will be the highest level of tensile stress ðsÞ that
can be supported on this plate without causing
catastrophic failure? [See Figure 14-14.]

14-26 A titanium 6246 alloy plate of a bimodal mi-
crostructure was found to have an edge crack of
size 4 mm. What will be the highest level of

tensile stress ðsÞ that can be supported on this
plate without causing catastrophic failure? [See
Figure 14-14.]

Section 14-6 Refractory and Precious Metals

14-27 What is a refractory metal or an alloy? What is
a precious metal?

14-28 The temperature of a coated tungsten part is
increased. What happens when the protective
coating on a tungsten part expands more than
the tungsten? What happens when the protective
coating on a tungsten part expands less than the
tungsten?

14-29 For what applications are Pt, Rh, Pd, Ag used?

Design Problemsg
14-30 A part for an engine mount for a private aircraft

must occupy a volume of 60 cm3 with a mini-
mum thickness of 0.5 cm and a minimum width
of 4 cm. The load on the part during service
may be as much as 75,000 N. The part is
expected to remain below 100C during service.
Design a material and its treatment that will
perform satisfactorily in this application.

14-31 You wish to design the rung on a ladder. The
ladder should be light in weight so that it can be
easily transported and used. The rungs on the
ladder should be 0.25 in. 1 in. and are 12-in.
long. Design a material and its processing for
the rungs.

14-32 We have determined that we need an alloy
having a density of 2:3G 0:05 g/cm3 that must

Figure 14-13 (Repeated for Problem 14-22) (a) Heat treatment of the alpha-beta titanium alloys.

Figure 14-14 (Repeated for Problems 14-25 and
14-26) Fracture Toughness of Titanium 6246 Alloy.
(Source: Titanium, Lütjering, G. and Williams, J.C.,
Figure 7.27, p. 309.)
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be strong, yet still have some ductility. Design a
material and its processing that might meet
these requirements.

14-33 We wish to design a mounting device that will
position and aim a laser for precision cutting of
a composite material. What design requirements
might be important? Design a material and its
processing that might meet these requirements.

14-34 Design a nickel-titanium alloy that will produce
60 volume percent Ni3Ti precipitate in a pure-
nickel matrix.

14-35 An actuating lever in an electrical device must
open and close almost instantly and carry a high
current when closed. What design requirements
would be important for this application? Design
a material and its processing to meet these
requirements.

14-36 A fan blade in a chemical plant must operate
at temperatures as high as 400C under rather
corrosive conditions. Occasionally, solid mate-
rial is ingested and impacts the fan. What design
requirements would be important? Design a
material and its processing for this application.
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15
Ceramic Materials

Have You Ever Wondered?
9 What is the magnetic strip on a credit card made from?

9 What material is used to protect the space shuttle from high temperatures during re-entry?

9 What ceramic material is commonly added to paints?

9 What ceramic material is found in bone and teeth?

9 What are spark plugs made from?

The goal of this chapter is to examine more

closely the synthesis, processing, and applica-

tions of ceramic materials. Ceramics have been

used for many thousands of years. Most ceramics

exhibit good strength under compression; how-

ever, typically they exhibit virtually no ductility

under tension. The family of ceramic materials

includes polycrystalline and single-crystal inor-

ganic materials, amorphous inorganic glasses,

and glass-ceramics.

In Chapters 2 and 3, we learned about the

bonding in ceramic materials, the crystal struc-

tures of technologically useful ceramics, and the

arrangements of ions in glasses.
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This chapter focuses on the synthesis, pro-

cessing, and applications of ceramics. We will

also recapitulate the processing and applications

of inorganic glasses and glass-ceramics. We be-

gin with a discussion that summarizes the classi-

fication and applications of ceramics.

15-1 Appl icat ions of Ceramics

One way to classify ceramics is based on their class of chemical compounds (e.g., oxides,
carbides, nitrides, suldes, uorides, etc.). Another way, which we will use here, is to
classify ceramics by their major function.

Ceramics are used in a wide range of technologies such as refractories, spark plugs,
dielectrics in capacitors, sensors, abrasives, magnetic recording media, etc. The space
shuttle makes use of @25,000 reusable, lightweight, highly porous ceramic tiles that
protect the aluminum frame from the heat generated during re-entry into the Earth’s
atmosphere. These tiles are made from high-purity silica bers and colloidal silica
coated with a borosilicate glass. Ceramics also appear in nature as oxides and in natural
materials; the human body has the amazing ability of making hydroxyapatite, a ceramic
found in bones and teeth. Ceramics are also used as coatings. Glazes are ceramic coat-
ings applied to glass objects; enamels are ceramic coatings applied to metallic objects.
Let’s follow the classication shown in Table 15-1 and take note of di¤erent applica-
tions. Alumina and silica are the most widely used ceramic materials and, as you will
notice, there are numerous applications listed in Table 15-1 that depend upon the use of
these two ceramics.

The following is a brief summary of applications of some of the more widely used
ceramic materials:

9 Alumina (Al2O3) is used to contain molten metal or in applications where a
material must operate at high temperatures, but where high strength is also required.
Alumina is also used as a low dielectric constant substrate for electronic packaging that
houses silicon chips. One classical application is for insulators in spark plugs. Some
unique applications are also being found in dental and medical use. Chromium-doped
alumina is used for making lasers. Fine particles of alumina are used as catalyst
supports.

9 Diamond (C) is the hardest naturally occurring material. Industrial diamonds are
used as abrasives for grinding and polishing. Diamond and diamond-like coatings pre-
pared using chemical vapor deposition processes are used to make abrasion-resistant
coatings for many di¤erent applications (e.g., cutting tools). It is, of course, also used in
jewelry.

9 Silica (SiO2) is probably the most widely used ceramic material. Silica is an
essential ingredient in glasses and many glass ceramics. Silica-based materials are used
in thermal insulation, refractories, abrasives, ber-reinforced composites, laboratory
glassware, etc. In the form of long continuous bers, silica is used to make optical bers
for communications. Powders made using ne particles of silica are used in tires, paints,
and many other applications.

9 Silicon carbide (SiC) provides outstanding oxidation resistance at tempera-
tures even above the melting point of steel. SiC often is used as a coating for metals,
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TABLE 15-19 Functional classification of ceramics*

Function Application Examples of Ceramics

Electrical Capacitor dielectrics BaTiO3, SrTiO3, Ta2O5

Microwave dielectrics Ba(Mg1=3Ta2=3)O3, Ba(Zn1=3Ta2=3)O3

BaTi4O9, Ba2Ti9O20, ZrxSn1xTiO4, Al2O3

Conductive oxides In-doped SnO2 (ITO)

Superconductors YBa2Cu3O7x (YBCO)

Electronic packaging Al2O3

Insulators Porcelain

Solid-oxide fuel cells ZrO2, LaCrO3, LaMnO3

Piezoelectric Pb(ZrxTi1x)O3(PZT ), Pb(Mg1=3Nb2=3)O3 (PMN)

Electro-optical PLZT, LiNbO3

Magnetic Recording media g-Fe2O3, CrO2 (‘‘chrome’’ cassettes)

Ferrofluids, credit cards Fe3O4

Circulators, isolators, Nickel zinc ferrite

Inductors, magnets Manganese zinc ferrite

Optical Fiber optics Doped SiO2

Glasses SiO2 based

Lasers Al2O3, yttrium aluminum garnate (YAG)

Lighting Al2O3, glasses.

Automotive Oxygen sensors, fuel cells ZrO2

Catalyst support Cordierite

Spark plugs Al2O3

Tires SiO2

Windshields/windows SiO2 based glasses

Mechanical/Structural Cutting tools WC-Co cermets

Sialon

Al2O3

Composites SiC, Al2O3, silica glass fibers

Abrasives SiC, Al2O3, diamond, BN, ZrSiO4

Biomedical Implants Hydroxyapatite

Dentistry Porcelain, Al2O3

Ultrasound imaging PZT

Construction Buildings Concrete

Glass

Sanitaryware

Others Defense applications PZT, B4C

Armor materials

Sensors SnO2

Nuclear UO2

Glasses for waste disposal

Metals processing Alumina and silica-based refractories, oxygen sensors,

casting molds, etc.

Chemical Catalysis Various oxides (Al2O3, ZrO2, ZnO, TiO2)

Air, liquid filtration

Sensors

Paints, rubber

Domestic Tiles, sanitaryware,

Whiteware, kitchenware,

Pottery, art, jewelry

Clay, alumina, and silica-based ceramics, glass-ceramics,

diamond, ruby, cubic zirconia and other crystals

*Acronyms are indicated in italics.
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carbon-carbon composites, and other ceramics to provide protection at these extreme
temperatures. SiC is also used as an abrasive in grinding wheels and as particulate and
brous reinforcement in both metal matrix and ceramic matrix composites. It is also
used to make heating elements for furnaces. SiC is a semiconductor and is a very good
candidate for high-temperature electronics.

9 Silicon nitride (Si3N4) has properties similar to those of SiC, although its oxida-
tion resistance and high-temperature strength are somewhat lower. Both silicon nitride
and silicon carbide are likely candidates for components for automotive and gas turbine
engines, permitting higher operating temperatures and better fuel e‰ciencies with less
weight than traditional metals and alloys.

9 Titanium Dioxide (TiO2) is used to make electronic ceramics such as BaTiO3. The
largest use, though, is as a white pigment to make paints. Titania is used in certain glass
ceramics as a nucleating agent. Fine particles of TiO2 are used to make suntan lotions
that provide protection against ultraviolet rays.

9 Zirconia (ZrO2) is used to make many other ceramics such as zircon. Zirconia
is also used to make oxygen gas sensors that are used in automotives and to measure
dissolved oxygen in molten steels. Zirconia is used as an additive in many electronic
ceramics as well as a refractory material. The cubic form of zirconia single crystals is
used to make jewelry items. Fuel cells based on zirconia will likely appear in cars by the
year 2015.

15-2 Propert ies of Ceramics

The properties of some ceramics are summarized in Table 15-2. Mechanical properties
of some structural ceramics are summarized in Table 15-3.

Take note of the high-melting temperatures and high-compressive strengths of
ceramics. We should also remember that the tensile and exural strength values show
considerable variation since the strength of ceramics is dependent on the distribution of
aw sizes and is not a¤ected by dislocation motion. We discussed the Weibull distribu-
tion and the strength of ceramics and glasses in Chapter 7. Also note that, contrary to
common belief, ceramics are not always brittle. Under smaller strain rates and at high
temperatures, many ceramics with a very ne grain size indeed show superplastic
behavior.

TABLE 15-2 9 Properties of commonly encountered polycrystalline ceramics

Material Melting Point (˚C)
Thermal Expansion Coefficient

(D106 cm/cm)/ ˚C
Knoop Hardness (HK)

(100 g)

Al2O3 2000 @6.8 2100

BN 2732 0.57a, 0.46b 5000

SiC 2700 @3.7 2500

Diamond 1.02 7000

Mullite 1810 4.5 

TiO2 1840 8.8 

Cubic ZrO2 2700 10.5 

aPerpendicular to pressing direction.
bParallel to pressing direction.
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15-3 Synthes is and Processing of Ceramic Powders

Ceramic materials melt at high temperatures and they usually exhibit a brittle behavior
under tension. As a result, the casting and thermomechanical processing, used widely
for metals, alloys, and thermoplastics, cannot be applied when processing ceramics. In-
organic glasses, though, make use of lower melting temperatures due to the formation
of eutectics and are made using the oat-glass process. Since melting, casting, and
thermomechanical processing is not a viable option for polycrystalline ceramics, we
typically process ceramics into useful shapes starting with ceramic powders. A powder is
a collection of ne particles. The step of making a ceramic powder is dened here as the
synthesis of ceramics. We begin with a ceramic powder and get it ready for shaping by
crushing, grinding, separating impurities, blending di¤erent powders, and spray drying

to form soft agglomerates. Di¤erent techniques such as compaction, tape casting, ex-
trusion, and slip casting are then used to convert properly processed powders into a de-
sired shape to form what is known as a green ceramic. A green ceramic is a ceramic that
has not yet been sintered. The steps of converting a ceramic powder (or mixture of
powders) into a useful shape are known as powder processing. The green ceramic is then
consolidated further using a high-temperature treatment known as sintering or ring. In
this process, the green ceramic is heated to a high temperature, using a controlled heat
treatment and atmosphere, so that a dense material is obtained. The ceramic may be
then subjected to additional operations such as grinding, polishing, or machining as
needed for the nal application. In some cases, leads will be attached, electrodes will be
deposited, or coatings may have to be deposited. These general steps encountered in the
synthesis and processing of ceramics are summarized in Figure 15-1.

Ceramic powders prepared using conventional or chemical techniques are shaped
using the techniques shown in Figure 15-2. We emphasize that very similar processes
are used for processing metal and alloy powders, a route known as powder metallurgy.
Powders consist of particles that are loosely bonded, and powder processing involves
the consolidation of these powders into a desired shape. Often, the ceramic powders
prepared need to be converted into soft agglomerates by spraying a slurry of the powder
through a nozzle into a chamber (spray dryer) in the presence of hot air. This process
leads to the formation of soft agglomerates that ow into the dies used for powder
compaction; this is known as spray drying.

TABLE 15-3 9 Mechanical properties of selected advanced ceramics

Material
Density
(g/cm3)

Tensile
Strength
(psi)

Flexural
Strength
(psi)

Compressive
Strength
(psi)

Young’s
Modulus
(psi)

Fracture
Toughness
(psi

ffiffiffiffiffi
in:

p
)

Al2O3 3.98 30,000 80,000 400,000 56  106 5,000

SiC (sintered) 3.1 25,000 80,000 560,000 60  106 4,000

Si3N4 (reaction bonded) 2.5 20,000 35,000 150,000 30  106 3,000

Si3N4 (hot pressed) 3.2 80,000 130,000 500,000 45  106 5,000

Sialon 3.24 60,000 140,000 500,000 45  106 9,000

ZrO2 (partially stabilized) 5.8 65,000 100,000 270,000 30  106 10,000

ZrO2 (transformation

toughened)

5.8 50,000 115,000 250,000 29  106 11,000
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Compaction and Sintering One of the most cost-e¤ective ways to produce thousands
of relatively small pieces (@<6 inches) of simple shapes is compaction and sintering.
Many electronic and magnetic ceramics, WC-Co (cermet) cutting tool bits, and other
materials are processed using this technique. The driving force for sintering is the re-
duction in the surface area of a powder (Chapter 5). Fine powders can be spray dried,
forming soft agglomerates that ow and compact well. The di¤erent steps of uniaxial
compaction, in which the compacting force is applied in one direction, are shown in
Figure 15-3(a) on page 475. As an example, the microstructure of a barium magnesium
tantalate ceramic prepared using compaction and sintering is shown in Figure 15-3(b).
Sintering involves di¤erent mass transport mechanisms [Figure 15-3(c)]. With sintering,
the grain boundary and bulk (volume) di¤usion contribute to densication (increase in
density). Surface di¤usion and evaporation condensation can cause grain growth, but
they do not cause densication.

The compaction process can be completed within one minute for smaller parts;
thus, uniaxial compaction is well suited for making a large number of smaller and sim-
ple shapes. Compaction is used to create what we call ‘‘green ceramics’’; these have re-
spectable strengths and can be handled and machined. In some cases, very large pieces
(up to a few feet in diameter and six to eight feet long) can be produced using a process
called cold isostatic pressing (CIP) where pressure is applied using oil. Such large pieces

Figure 15-1
Typical steps encountered in the processing of
ceramics.

15-3 Synthesis and Processing of Ceramic Powders 473



are then sintered with or without pressure. Cold isostatic pressing is used for achieving
a higher green ceramic density or where the compaction of more complex shapes is
required.

In some cases, parts may be produced under conditions in which sintering is
conducted using applied pressure. This technique, known as hot pressing, is used for
refractory and covalently bonded ceramics that do not show good pressureless sintering
behavior. Similarly, large pieces of metals and alloys compacted using CIP can be sin-
tered under pressure in a process known as hot isostatic pressing (HIP). In hot pressing
or HIP, the applied pressure acts against the internal pore pressure and enhances den-
sication without causing grain growth. Hot pressing or hot isostatic pressing also are

Figure 15-2 Different techniques for processing of advanced ceramics.
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8.1 Introduction  

 Powder metallurgy is an art and science of producing fine metal powders and then making objects from the 

individual, mixed or alloyed metal powders with or without the inclusion of non-metallic constituents. 

Components are produced in their final form by pressing metal powders into the desired shape, usually in a 

metal mold, and then heating the compacted powder, either concurrently or subsequently, for a period of 

time at a temperature below the melting point of the major constituent. 

For making a component by powder metallurgy, 

1.  The metal in the powder form must be able to respond to solid-phase welding. 

2.  The metal powder must be capable of sufficiently close packing under pressure to permit welding to take  

      place and, in case of alloying, be capable of being sufficiently intimately mixed 

8.2 Applications of Powder Metallurgy 

 Porous products, e.g., bearings and filters. 

 Refractory parts, e.g., components made out of Tungsten, Tantalum, and Molybdenum are used in electric 

bulbs, radio valves, oscillator valves, X-ray tubes in the form of filament, cathode, anode, control grids, etc.  

 Products of complex shapes that require considerable machining when made by other processes, e.g.,  

toothed components such as gears. 

 Automotive components such as electrical contacts, crankshaft drive or camshaft sprocket, piston rings and 

rocker shaft brackets, door mechanisms, connecting rods, and brake linings, etc. 

 Products made from materials that are very difficult to machine,  e.g., tungsten carbide, etc. 

 Components are gauges, wire drawing dies, wire guides, deep drawing, stamping and blanking tools, stone 

hammers, rock drilling bits, etc. 

 Products where the combined properties of two metals or of metals and non - metals are desired: non-

porous bearings, electric motor brushes, etc. 

 Atomic energy applications. 

 Tungsten parts are employed in plasma jet engines, etc., which are operated at about 1850°C. Silver 

infiltrated tungsten is used in nozzles for rockets and missiles. Use as parts in military and defense systems, 

e.g., in military arms. 

 Parts made by powder metallurgy have also been used in clocks and timing devices, typewriters, adding 

machines, calculators, permanent magnets, laminated bimetallic strips, etc. 

 Grinding wheels that incorporate steel and diamond powder may be manufactured by powder metallurgy. 

8.3 Advantages of Powder Metallurgy 

 The dimensional accuracy and surface finish obtainable are such that for many applications all machining 

can be eliminated. 

 Cleaner and quieter operation and longer life of the components.  

 High production rates. 

 Control of grain size, relatively much uniform structure and defect (e.g., voids, blowholes, etc.) free 

components. 

 No material is wasted as scrap; the process makes use of 100% raw material unlike casting, press forming, 

etc. 
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 Quite complex shapes can be produced 

 Component's shapes obtained possess excellent reproducibility. Porous parts can be produced that could 

not be made in any other way. Parts with wide variations in compositions and materials can be produced. 

Structure and properties can be controlled more closely than in other fabricating processes.  

 Highly qualified or skilled labor is not required. 

 Impossible parts (e.g., super-hard cutting tool bits) can be produced.\ 

 The use of diamond in the industry has been made possible mainly through powder metallurgy. 

 Powder metallurgy is free from the limitations imposed by the phase diagram. For example, it is difficult to 

produce copper -lead bearing alloys containing large amounts of lead, since the two metals are insoluble as 

liquids. However, mixed powders of copper and lead can be successfully shaped by powder metallurgy.  

8.4 Limitations of Powder Metallurgy 

 Complicated shapes, such as produced by casting, cannot be made by powder metallurgy, because metallic 

powders lack the ability to flow to the extent of molten metals. 

 Parts made by powder metallurgy, in most cases, do not have as good physical properties as wrought or 

cast parts. 

 Relatively high tool and die cost is associated with the process 

 The size of products  (as compared to casting) is limited because of the large presses and expensive tools 

which would be required for compacting. 

 Powdered metals are considerably more expensive than those in wrought forms. 

 Extreme care is required in handling pyrophoric powders  (e.g., Mg,  Th,  Zr)  to prevent fires or explosions 

and with toxic powders (e.g., U, Be, Th) to minimize health hazards. 

8.5 Powder Metallurgy Process 

The principal steps in powder metallurgy process include: 

 Obtaining/producing metal powders in a suitable degree of fineness and purity.  

 Weighing and mixing of the necessary powders (and lubricants) to arrive at a composition that processes 

satisfactorily and which produces desired properties in the fabricated part. 

 Pressing the powder (mixture) in a suitable mold (of required size and shape) to cause cohesion to occur 

between the powder particles. 

 Presintering the powder compact by heating and holding it at a moderate temperature. Presintering 

develops additional green strength. 

 Finishing and sizing the final product. 

 Annealing. 

 Repressing for greater density or closer dimensional control. 

 Machining, polishing 

 Rolling, forging or drawing. 

 Surface treatments to protect against corrosion. 
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Fig.8.1 - Powder Metallurgy Process 

8.6 Production of Metal Powders 

The particle size of powders falls into a range of 1 to 100(x (micron), with the range of 10 to 20 (micron) being 

predominant. There are various methods of manufacturing powders of this size, but those commonly used are:  

1. Atomization 

2. Reduction 

3. Electrolysis 

4. Crushing 

5. Milling 

6. Condensation of metal vapours 

1. Atomization 

 

 

Fig.8.2 - Simple vertical atomizer 
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 In  Atomization, the molten metal is directed through an orifice and as it emerges, a high-pressure stream 

of gas or liquid impinges on it causing it to atomize into fine particles.  

 Frequently an inert gas is employed in order to improve the purity of the powder. Atomization is used 

mostly for low melting point metals because of the corrosive action of the metal on the orifice (or nozzle) 

at high temperatures. 

2. Reduction process  

 In the Reduction process, the compounds of metals (usually oxides,  e.g.,  iron oxide)are reduced with CO 

or H2  at temperatures below the melting point of the metal (e.g., iron) is an atmosphere-controlled furnace. 

The reduced product is then crushed and ground. 

Sponge-iron powder is produced this way. 

Fe3O4 + 4C   = 3Fe + 4CO 

  Fe3O4 + 4CO = 3Fe + 4CO2 

 The copper powder can be produced by the same method i.e., by heating copper oxide in a stream of 

hydrogen, 

Cu2O + H2 = 2Cu + H2 O 

 Powders of W,  Mo,  Ni, and  CO  are also manufactured by the reduction process. The reduction process is 

a convenient, economical and flexible method and perhaps the largest volume of metallurgical powders is 

made by the process of oxide reduction. 

3. Electrolysis  

 Electrolysis is principally used for the production of extremely pure powders of copper (and Iron). 

Electrolysis is similar to electroplating.  

 For making copper powder, copper plates are placed as anodes in a tank of electrolyte, whereas aluminium 

plates are placed into the electrolyte to act as cathodes. High amperage produces a powdery- deposit of 

anode metal on the cathodes.  

 After a definite time period, the cathode plates are taken out from the tank, are rinsed to remove 

electrolytes and are dried. The (Cu) deposit on the cathode plates, is then scraped off and pulverized to 

produce powder of the desired grain size. 

4. Crushing  

 Crushing requires equipment such as stamps, hammers, jaw crushers or gyratory crushes. Various ferrous 

and non-ferrous alloys can be heat-treated in order to obtain a sufficiently brittle material which can be 

easily crushed into powder form. 

5. Milling Operation  

 Milling operation is carried out by using equipment such as ball mill, impact mill, eddy mill, disk mill, 

vortex mill, etc. Milling (or grinding) can be classified as a combination of brittle, friable, tough and hard 

materials and pulverization of malleable and ductile metals.  

 A ball mill is a horizontal barrel-shaped container holding a quantity of balls which, being free to tumble 

about as the container rotates, crush and abrade any powder particles that are introduced into the container.  

 Generally, a large mass to be powdered, first of all, goes through heavy crushing machines, then through 

crushing, rolls and finally through a ball mill to produce successively finer grades of powder. 

6. Condensation  

  This technique can be applied in the case of metals, such as Zn, Cd, and Mg, which can be boiled and the 

vapour are condensed in a powder form. A rod of metal (say Zn) is fed into a high-temperature flame.  

 The vaporized droplets of metal are allowed to condense on to a  cool surface of a material to which they 

will not adhere. 
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8.7 Characteristics of Metal Powders 

The most important characteristic of metal powder are: 

1. Purity, 5. Particles shape, 

2. Chemical composition, 6. Particle microstructure 

3. Particle size, 7. Apparent density, and 

4. Size distribution. 8. Flow rate. 

 Chemical Composition implies the type and percentage of alloying elements and impurities and 

usually determines the particle hardness and compressibility. The chemical composition of a powder can be 

determined by chemical analysis methods. 

 Particle Size is expressed by the diameter for spherical shaped particles and by the average diameter for 

non-spherical particles as determined by the sieving method or microscopic examination. Metal powders 

used in powder metallurgy usually vary in size from 4 to 200 microns. Particle size influences mold 

strength, density/porosity of the compact, permeability, flow and mixing characteristics, dimensional 

stability, etc. 

 Particle-size distribution is specified in terms of a sieve analysis, i.e., the amount of powder passing 

through 100-, 200-, etc., mess sieves. Particle-size distribution influences the packing of the powder and its 

behavior during molding and sintering. 

 Particle Shape influences the packing and flow characteristics of powders. There are various shapes of 

metal powders, e.g. 

 Spherical (Condensed zinc) 

 Rounded (Atomized copper) 

 Angular   (Mechanically atomized antimony).   Acicular,   dendritic,   flakes, irregular, etc. 

 Particle Microstructure reveals various phases, impurities, inclusions, fissures, and internal porosity. 

 Apparent Density is defined as the weight of a loosely heaped quantity of powder necessary to fill a 

given die cavity completely.  Apparent density is influenced by chemical composition, particle shape, size, 

size distribution, method of manufacture, etc. The apparent density of iron powder (electrolytic) having an 

average particle size of 63 microns is 2.56 gm/cc. 

 Flow Rate is defined as the rate at which a metal powder will now under gravity from a container 

through an orifice both having the specific shape and finish. 

 Flow rate measures the ability of a powder to be transferred. Flow rate is an important characteristic 

because the die must be filled rapidly with powder to achieve a high rate of production and economy. 

 The flow rate depends upon particle size, shape, apparent density, etc. Spherical shaped metal powders 

possess maximum flow rates whereas dendritic ones the least. 

8.8 Blending and Mixing of Powders 

Before the powders are pressed into shape, they are usually blended for the following reasons: 

 To add lubricants (such as stearic acid, graphite, oils, paraffin, glycerin, etc.) (to powder) to reduce friction 

during the pressing operations. Powder particles get coated with lubricants. This reduces die wear and 

lowers the pressure required for pressing. 

 To mix powders of different materials (i.e., alloying action), in order to obtain properties of heat resistance, 

friction, heavyweight, and hardness. 

 To obtain a uniform distribution of particle sizes. 
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 To add volatilizing agents to give a desired amount of porosity.  

 Different powders in correct proportions are thoroughly mixed either wet or dry, in a ball mill. In wet 

mixing, water or a solvent is used to obtain better mixing. Moreover, wet mixing. 

 Reduces dust, 

 Lessens explosion hazards which are present with some finely divided powders, and 

 Prevents surface oxidation. 

 Proper blending and mixing of the powders are essential uniformity of the finished product. However, 

over-mixing should be avoided since it may decrease particle size and work hardens the particles.  

8.9 Compacting 

After blending and mixing, the next step is that of compacting or pressing the powders into their semi-finished 

form preparatory to sintering. 

The purpose of compacting is to consolidate the powder into the desired shape and as closely as possible to final 

dimensions, taking into account any dimensional changes that result from sintering. Compacting also imparts 

1. The desired level and type of porosity, and 

2. Adequate strength for handling. 

Powders are compacted by using high pressures. The degree of pressure depends upon: 

1.  The required density of the final product, and 

2. The ease with which the powder particles will weld together. Compacting pressures may be applied in the 

following ways: 

1. Die Pressing 

2. Roll pressing 

3. Extrusion 

1. Die pressing is done in special presses that include a feed hopper for the powder, the shaping die to form 

the product, an upper punch, and a lower punch to apply correct pressures onto the powder being 

compacted. Weighed-quantity of powder is placed in the die through the hopper and is compressed under 

pressure ranging from 8 to 158 kg/sq. mm 

2. Roll pressing is used for the production of a continuous strip section, using a system. There are two rolls 

of appropriate size into which a regulated stream of powder is guided so that the rolls are able to apply the 

necessary compacting pressure in a continuous sequence. 

3. The Extrusion method of compacting does not give such efficient control as that given by pressing or by 

rolling. It is difficult to obtain high densities and some porosity is always left.  

8.10  Presintering and Sintering 

Presintering 

 Frequently, powder metallurgy is used to make parts from materials that are very difficult to machine.  

 When some machining is required on such parts, one goes a lot presintering before the actual sintering 

operation. 

 After presintering operation, the compacted part acquires sufficient strength to be handled and machined 

without difficulty. Moreover, very little dimensional change takes place, then in the final sintering, 

therefore, machining after final sintering may be eliminated. 

 For presintering, the compacted parts are heated for a short time at a temperature considerably below the 

final sintering temperature. 
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 Presintering is necessary when holes are to be drilled in hard to machine parts. Presintering, in addition, 

removes lubricants and binders added to the powders during the blending operation. 

 Presintering can be eliminated if no machining of the final product is required. 

Sintering 

 After being compressed into a briquette of the shape required in the finished component, the agglomerated 

metals are sintered. Sintering is done to achieve all possible final strength and hardness needed in the 

finished product. 

 Sintering consists of heating pressed metal or cermet compacts in batch or continuous furnaces' to a 

temperature below the melting point of the major constituent in an inert or reducing atmosphere (of 

hydrogen, dissociated ammonia or cracked hydrocarbon), where time, temperature, heating rate, and 

cooling rate are automatically controlled. Most metals are sintered at 70 to 80% of the melting temperature. 

Certain refractory materials may be sintered at 90% of the melting point. 

 The sintering time varies from thirty minutes up to several hours. Sintering temperatures and times vary 

considerably with different materials, e.g., Porous bronze bearings require treatment for  only a few minutes 

at 800°C; iron base compacts and cemented carbides require treatment for up to 2 hours at 1200-1250°C, 

etc. 

 Sintering is essentially a process of bonding solid bodies (particles) by atomic forces.  

 Bonding of powder particles during sintering can take place in any of the three ways: 

1. Melting of a minor constituent, 

2. Volume diffusion, although surface diffusion, evaporation, and condensation also contribute to 

bonding. 

8.11  Secondary Operations 

In many cases, the metal parts may be used in the as-sintered condition, but in other cases where the desired surface 
finish, tolerance or metal structure cannot be obtained by briquette size and shape. The briquette is considered 

fairly fragile, but it can be handled), certain additional operations must follow. They are 

 

1. Sizing 4. Impregnation 7. Heat treatment 

2.Coining 5. Infiltration 8. Joining 

3.Machining 6.Plating 
 

1. Sizing 

The sintering process produces some distortion and alterations in size. After the part has been sintered, in order to 

make it dimensionally correct, it is placed in a die and is repressed. Sizing improves the surface finish of the 

component also. However, a slight change in density occurs during sizing. 

2. Coining 

The sintered part is repressed in the die to reduce the void space and impart the required density.  

3. Machining 

Features such as threads, undercuts, grooves, etc., are usually not practical for powder metallurgy fabrications and 
are generally machined on parts after they have been pre-sintered. Boring, turning, drilling, tapping, etc., can be 

done on presintered parts using tungsten carbide cutting tools. 

4. Impregnation 

Sintered parts may be impregnated with oil, grease, wax or other lubricating materials, in case self-lubricating 

properties are desired. Parts are immersed in lubricants heated to approximately 93°C. The porous structure gets 

completely (about 90%) impregnated in 10 to 20 minutes. The lubricant is retained in the part by capillary action. 



 

Prof. Paras G. Vegada, Department of Mechanical Engineering 

Material Science and Metallurgy (3131904) | Unit-8 Powder Metallurgy 
8.9 

 

The sintered part may be impregnated with plastics also. This is done in order to, 
1. Improve corrosion resistance, 

2. Seal prior to plating. 

3. Improve machinability. 
4. Introduce pressure tightness. 

 

5. Infiltration 

A part is first pressed and sintered from iron powder to about 77% of theoretical density. Then a replica (or 

infiltration) blank of copper (or brass) is placed over the part which is sent through the furnace. The infiltrant melts 

and soaks through the porous part, producing a density close to 100%. 

6. Plating 

Plating is carried out in order to, 

1. Impart a pleasing appearance (Cr plating). 
2. Protect from corrosion (Ni plating). 

3. Improve wear resistance (Ni or Cr plating). 

4. Improve frictional (Tin plating) and hardness characteristics (Cr plating) 
5. Improve electrical conductivity (Cu and Ag plating). 

6. Before plating, the part is impregnated with plastic resin so that the electrolyte is not entrapped in the 

porous structure during plating. 
7. Sintered parts, then, maybe plated with Cr, Ni, Co, Cd, Zn, brass, etc. 

 

7. Heat treatment 

Sintered parts are heat treated in order to improve: 

1. Wear resistance 3. Hardness 

2. Grain structure 4. Strength. 

To prevent oxidation of the internal structure, the heat treatment is carried out in a controlled atmosphere. The 

porosity of sintered parts decreases the heat conductivity, therefore longer heating and shorter cooling periods are 

required. 

Following heat treatment processes are usually applied to parts made by powder metallurgy. 

1. Stress relieving 3. Carbonitriding 5. Through hardening 

2. Carburizing 4. Nitriding 6. Induction hardening 

8. Joining of sintered parts 

Parts may be joined after they have been sintered or the joining may be incorporated into sintering operation. 

Various joining, techniques are 

1. Soldering (on A1 and Cu based sintered parts). 
2. Brazing (carried out in a vacuum or controlled atmosphere. High-frequency heating is preferred). 

3. Welding (TIG welding, projection welding, friction welding, electron beam welding,).  

Material is that from which anything can be made. It includes a wide range of metals and non-metals that a  
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