
Physical Metallurgy          Career Avenues 

© Career Avenues 1 
 

 

 

 

 

 

 

www.cavgate.com|   gate@careeravenues.co.in |   : 09930406349     | 

Physical Metallurgy 

SAMPLE  

 

GATE Coaching by IITians 



Physical Metallurgy          Career Avenues 

© Career Avenues 2 
 

 

CONTENT 

1 Classification of  Materials and Atomic Structure 7 

 1.1 Introduction  

 1.2  Metals  

         1.2.1 Properties of metals  

 1.3  Ceramics  

         1.3.1 Properties of ceramic materials  

         1.3.2 Applications of ceramic materials  

 1.4 Polymers  

   1.4.1 Average molecular weight of polymers  

 1.4.2 Classification of polymers  

       1.4.3 Characteristic of polymers  

    1.4.4 Application of polymers  

       1.4.5 Degree of crystallinity of polymers  

 1.5 Composite materials  

        1.5.1 Classification of composites  

 1.6 Semiconductors  

        1.6.1 Classification of semi conductors  

        1.6.2 Fermi energy  

        1.6.3 Mobility  

 1.7 Bio materials  

 1.8 Atomic Structure and Atomic Bonding in Solids  

 1.8.1 Atomic Structure  

 1.8.2 Classification of atomic Bonding in Solids  

 Previous years GATE question  

2 The Structure of Solid  38 

 2.1  Introduction  

 2.2  Classification of Solids  

 2.2.1 Difference between crystalline solids and amorphous solids  

 2.3 Crystal Geometry  

 2.3.1  Space Lattice and Unit Cell  

 2.3.2  Crystal Structure  

 2.4 Crystal Structure and Packing Efficiency  

 2.4.1 Cubic crystals  

 2.5 Theoretical Density of The Crystal  

 2.6 Close Packing in Crystal Solids  

 2.7 Interstitial Sites (Voids) in Closed Packed Structure  

 2.7.1 Voids in FCC Structure  

 2.7.2 Voids in BCC Structure  

 2.8 Coordination Number  

 2.9 Radius Ratio  

 2.10 Structure of Ionic Crystal  

 2.11 Crystal Directions, Crystal Planes and Miller Indices  

            2.11.1 Crystal direction       

            2.11.2 Law of rational indices  

            2.11.3 Crystallographic planes  

            2.11.4 Miller indices  

            2.11.5 Relation between crystallographic direction and planes  



Physical Metallurgy          Career Avenues 

© Career Avenues 3 
 

 

 2.12 Linear Density and Planar Density  

 2.13 Determination of crystal structure: X-ray diffraction  

3 Solid Solution 95 

 3.1 Introduction  

 3.2 Types of Solid Solution  

 3.2.1 Hume Rothery’s rules   

 3.3 Equilibrium Concentration of Interstitial Atoms  

 3.4 Intermediate Phases  

4 Phase Diagram  101 

 4.1 Introduction  

 4.2 Equilibrium Diagram or Phase Diagram  

 4.3 Phase Rule (Gibbs Phase Rule)  

 4.4 Types of Alloys and Phase Diagrams  

 4.5 Time-Temperature Cooling Curves  

        4.5.1 Cooling curves  

        4.5.2 Cooling curves for pure metals  

        4.5.3 Cooling curves for eutectic systems  

 4.6 Lever Rule  

        4.6.1 Chemical composition of phases ( Tie line rule I)  

        4.6.2 Amount of phases (Tie line rule II)  

 4.7 Iron –Iron Carbide Equilibrium Diagram  

        4.7.1 Phases in Fe-Fe3C diagram  

        4.7.2 Invariant reaction  

        4.7.3 Influence of other alloying elements  

        4.7.4 Fe-C alloys  

 4.8 Interstitial voids for ‘C’ atom in FCC and BCC iron  

5 Diffusion in Solids 134 

 5.1 Introduction  

 5.2 Types of Diffusion  

 5.3 Diffusion Mechanism  

       5.3.1 Steady state Diffusion  

       5.3.2 Non-Steady state Diffusion  

 5.4 Factors that Influence Diffusion  

 5.5 Applicatios of Diffusion  

6 Phase Changes or Transformations 147 

 6.1 Introduction  

 6.2 Phase transformation  

 6.3 Kinetics of phase transformation  

        6.3.1 Nucleation  

        6.3.2 Solidification (growth)  

 6.4 Thermal supercooling  

 6.5 Constitutional supercooling  

        6.5.1 Zone refining  

 6.6 Recovery, Recrystallisation and grain growth  

        6.6.1 Recovery  

        6.6.2  Recrystallisation  

        6.6.3 Grain growth  

        6.6.4 Transformation kinetics and kinetics of phase growth  

 6.7 Pearlitic transformation  



Physical Metallurgy          Career Avenues 

© Career Avenues 4 
 

 

        6.7.1Morpholgy of pearlite   

        6.7.2 Nucleation of pearlite  

        6.7.3 Growth of pearlite  

        6.7.4 Rate of nucleation of pearlite  

 6.8 Bainitic transformation  

       6.8.1 Kinetics of reaction  

 6.9 Martensitic transformation  

        6.9.1 Crystal structure of martensite  

        6.9.2 Morphology of martensite  

        6.9.3 Characteristic of martensitic steel  

        6.9.4 Morphology of martensite in steels  

 6.10 Congruent phase transformation  

 6.11 Precipitation hardening  

        6.11.1 Requirements for age hardening to occur  

        6.11.2 Steps in age hardening  

        6.11.3 Al-Cu driving forces  

        6.11.4 Hardening mechanisms  

7 Heat Treatment 204 

 7.1 Introduction  

 7.2 Heat treatment  

 7.3 Annealing  

 7.3.1 Properties after annealing  

       7.3.2 Types of annealing  

 7.4 Normalising  

 7.5 Hardening  

      7.5.1 Quenching media  

      7.5.2 Hardening methods  

      7.5.3 Conventional heat, Quench and temper process  

 7.6 Maraging Steels  

 7.7 Sub-Zero Treatment  

 7.8 Classification of Tempering  

 7.9 Case Hardening  

        7.9.1 Carburizing  

        7.9.2 Nitriding  

        7.9.3 Cyaniding  

        7.9.4 Carbonitriding  

 7.10 Surface hardening  

 7.11 TTT Diagram and CCT Diagram  

 7.12 Hardness and Hardenability  

8 Characterizations of Materials 238 

 8.1 Introduction  

 8.2 Characterization Techniques  

 8.2.1 Microscopy  

 8.2.2 Spectroscopy   

 8.2.3 Macroscopic testing  

 8.3 Optical or Light Microscopy  

                8.3.1 Light microscope: Magnification  

                8.3.2 Types of light microscope   

                8.3.3 Concept of resolution  

 8.4 Electron Microscope  

 8.4.1 Scanning Electron Microscope (SEM)  



Physical Metallurgy          Career Avenues 

© Career Avenues 5 
 

 

 8.4.2 Transmission Electron Microscopy (TEM)  

9.  Elecrical Properties 257 

 9.1 Introduction  

 9.2 Electrical conduction  

 9.3 Energy band structure  

 9.4 Effect of temperature  

        9.4.1 Effects of temperature on resistivity of conductors  

        9.4.2 Effect of temperature on the concentration, conductivity and resistivity of intrinsic  

semiconductors 

 

         9.4.3 Effect of temperature on the concentration, conductivity and resistivity of extrinsic  

semiconductors 

 

 9.5 Concept of dielectric behavior  

        9.5.1 Types of polarization  

        9.5.2 Dielectric strength and dielectric materials  

 9.6 Ferroelectricity  

 9.7 Piezoelectricity  

10 Magnetic Properties 264 

 10.1 Introduction  

 10.2 Some basic terms related to magnetic properties  

         10.2.1 Magnetic field strength   

         10.2.2 Magnetic flux density or magnetic indution  

         10.2.3 Magnetisation  

         10.2.4 Magnetic moments   

         10.2.5 Magnetic dipoles   

 10.3 Magnetism and its classification  

 10.4 Domains   

 10.5 Saturation magnetization   

 10.6 Hysterisis loop   

         10.6.1 Hard and soft magnetic materials   

 10.7 Magnetic anisotropy  

 10.8 Effect of temperature on magnetic behaviour  

 10.9 Super conductivity  

         10.9.1 Super conductivity and magnetism: Meissner effect  

         10.9.2 Types of super conductors  

         10.9.3 Applications of super conductors   

11 Optical properties  278 

 11.1 Introduction  

 11.2 Electromagnetic Radiation  

         11.2.1 Electromagnetic spectrum   

 11.3 Interaction of light with materials   

          11.3.1 Optical materials   

          11.3.2 Optical properties  

  11.4 Optical phenomena  

 

  



Physical Metallurgy          Career Avenues 

© Career Avenues 6 
 

 

CHAPTER 1 

Classification of Materials and Their Atomic Structure 

1.1 Introduction 

 The main classes of present engineering materials are:- 

1.2 Metals 

 These materials are characterized by high thermal and electrical conductivity; strong yet deformable 

under applied mechanical loads; Ductile and malleable; opaque to light (shiny if polished).  

 These characteristics are due to valence electrons that are detached from atoms, and spread in an 

electron sea that glues the ions together, i.e. atoms are bound together by metallic bonds and weaker 

van der Waalls forces.  

 Pure metals are not good enough for many applications, especially structural applications. Thus 

metals are used in alloy form i.e. a metal mixed with another metal to improve the desired qualities. 

E.g.: aluminum, steel, brass, gold.  

 Metals are generally classified in two groups 

a. Ferrous Metals:  All those metals which contain Iron as a chief constituent. 

b. Non Ferrous Metals: All those metals that doesn’t contain Iron as a chief constituent. 

 

1.1.1 Properties of  Metals 

 Metals have these typical physical properties: 

 Lustrous (shiny) 

 Hard and Strong 

 High density  

 High tensile strength (resist on being stretched) 

 High melting and boiling points 

 Good conductors of heat and electricity 

 Ductile and Malleable 

1.3 Ceramics 

 Ceramic materials are inorganic materials that consist of metallic and non metallic elements 

chemically bonded together. 

 Ceramic materials can be crystalline, non crystalline or mixtures of both. 

 They are usually made up of carbides, oxides, nitrides or silicates of metals. 

 These materials are usually ionic or covalent bonded materials and are bound by very strong 

coulumb forces of attraction between them. 

Classification of 
materials

Metals Polymers Ceramics Composites Semiconductors Biomaterials
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 Most ceramic materials have high hardness and high temperature strength but tends to be brittle nd 

undergoes elastic deformation (i.e, little or no deformation prior to fracture). 

 The relation between stress- strain curve of ceramic material is linear. 

 
Fig 1.1 Stress-strain curve of ceramic materials 

 

1.3.1  Properties of ceramic materials 

a. Light weight 

b. High hardness 

c. Moderate strength  

d. Highly brittle in nature 

e. High elastic modulus 

f. High melting point 

g. Low ductility and toughness 

h. Good heat and wear resistance 

i. Reduced Friction 

j. Good insulators 

1.3.2 Applications of ceramic materials: 

Sr. 

No. 

Property Applications 

1. Refractoriness High temperature furnace linings are made up of oxide fibers of 

silica, alumina and zirconia to provide insulation 

2. Magnetic property Soft magnets such as spinel ferrites are used in transformer cores 

and for the manufacturing of magnetic tapes. 

3. Transparency Soda- lime glass windows, Silica based cables for optical fibres 

4. Corrosion resistance SiC heat exchangers provide corrosion resistance  

5. Hardness Cutting tools such as SiC  

6 High temperature strength Tubine blades 

7. Wear resistance Oil free bearings in food processing equipments (Si3N4) 

8. Abrasiveness Abrasives for material polishing and grinding such as SiC 

9. Conductivity Heating elements in furnaces are made up of SiC, ZrO2) 

10. Fission Nuclear fuel rods are made up of UO3, UC 

11. Biocompatibilty Prostheses are made up of Al2O3 

12. Electric response Barium based ceramics are used in capacitors and in the 

manufacturing of smart materials such as piezoelectric devices 
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1.4 Polymers 

 The word ‘polymer’ is coined from two Greek words: poly means many and mer means unit or part.  

 The term polymer is defined as very large molecules also referred to as macromolecules having high 

molecular mass, which are formed by joining of repeating structural units on a large scale. 

 The repeating structural units are derived from some simple and reactive molecules known as 

monomers and are linked to each other by covalent bonds.  

 Process of formation of polymers from respective monomers is called polymerization. 

 Polymers can be separated into two different groups depending on their behavior when heated.  

 

Thermoplastics Thermosets 

1. Thermoplastics are polymers that soften on heating and 

on cooling, they become hard. 

2. They can be remoulded. 

3. They are linearly branched polymer 

4. They can be semicrystalline or amorphous in structure. 

5. They are held by covalent bonding between each 

molecule and Vander Waal forces between them.  

6. Examples: PVC, nylon, polycarbonate, rubber, ABS, 

polyvinyl acetate, polyethylene. 

 

1. Thermosets are polymers that do not soften under heat 

and pressure.   

2. They cannot be remoulded. 

3. They are cross- linked polymer ( on heating, the cross- 

linked polymer becomes more hard) 

4. They have typically amorphous structure. 

5. They are tightly locked and bonded to each other by 

strong covalent bonds 

6. Examples: bakelite, epoxy, phenolics. 

 

NOTE: Due to the kind of bonding, polymers are typically electrical and thermal insulators. However, 

conducting polymers can be obtained by doping, and conducting polymer-matrix composites can be obtained by 

the use of conducting fillers. They decompose at moderate temperatures (100 – 400° C), and are lightweight. 

Other properties vary greatly.  

Synthetic polymers may consist of both crystalline and amorphous regions; the degree of crystallinity may be 

expressed in terms of a weight fraction or volume fraction of crystalline material. Few synthetic polymers are 

entirely crystalline. 

 

1.4.1  Average Molecular weight of Polymers: 

 

During polymerization, different growing chains terminate at different points in their growth gives a distribution 

of molecular weight rather than a single value. A synthetic polymer contains polymer chains of varying chain 

length and hence varying molecular weight. Thus, for polymers it is necessary to estimate this distribution in 

terms of average molecular weight rather than molecular weight, since it effect the properties of polymers. 

There are two commonly used and numerically different ways of expressing the average molecular weight of a 

polymer such as polycyclopentadiene. 

a. Number-average molecular weight,

_

nM  

It is the total weight of a polymer sample, m, divided by the total number of moles of molecules it contains, iN

,. Thus, 

 i i

n

i i

N Mm

N NM
 

 
 

 

Where Ni is the number of moles of a single kind of molecular species, i,   
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Mi   is the molecular weight of that species. 

b. Weight-average molecular weight, wM


 

This can be computed by summing up the contribution (as measured by the weight fraction wi) of each molecular 

species i and its molecular weight Mi: 

 
 
 

2

i i
w i i

i i

N M
M w M

N M

 
 




 

 

GATE Tip 

 The reason for using the two different molecular weights is that some properties, such as freezing points, vapor 

pressure, and osmotic pressure of dilute solutions, are related directly to,
_

nM ,whereas other properties, such as 

lightscattering, sedimentation, and diffusion constants, are related directly to wM


. 

 Polydipersity index : The measure of breadth of molecular distribution is known as Polydispersity index and is 

given by 
w

n

M
PDI

M
  

 

Problem:  

Molecualr weight data for a hyotehtical polymeric material are tabulated below: 

 Molecular weight range (g/mol)  Weight fraction 

  5000-25000    0.1 

  25000-50000    0.4 

  50000-100000    0.3 

  100000-500000                  0.2 

Calculate the Number average molecular weight and Polydispersity index for the above polymer  

 

Solution:   

 

Number Average molecular weight 

 
i i

n

i

M N 25000 5000
M 0.1

N 2

 
   

 




 

 
50000 25000 100000 50000

0.4 0.3
2 2

    
      
   

 

 4500000 100000
0.2 9.9 10

2

 
    
   

Now, Weight average molecular weight (Mw) 

 

2

i i

i i

M N

M N
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2 2

2 2

4

25000 5000 25000 50000
0.1 0.4

2 2

100000 50000 500000 100000
0.3 0.2

2 2

9.9 10

     
      

    
 

           
     




 

 = 
7 8 9 10

4

2.25 10 5.6 10 1.6875 10 1.8 10

9.9 10

      


 

 = 
10

4

2.027 10

9.9 10




 

 w

n

M
PDI 2.07

M
    

 

 

1.4.2  Classification of Polymers  

There are several ways of classification of polymers based on some special considerations. The following are 

some of the common classifications of polymers:  

1.4.2.1  Classification Based on Source 

a. Natural Polymers: These polymers are found in plants and animals. Examples are proteins, cellulose, starch, 

some resins and rubber.  

b. Semi-Synthetic Polymers: Cellulose derivatives as cellulose acetate (rayon) and cellulose nitrate, etc. are the 

usual examples of this sub category.  

c. Synthetic Polymers: A variety of synthetic polymers as plastic (polythene), synthetic fibers (nylon 6, 6) and 

synthetic rubbers (Buna - S) are examples of manmade polymers extensively used in daily life as well as in 

industry. 

 

1.4.2.2  Classification Based on structure of polymers 

a. Linear polymers: These polymers consist of long and straight chains. The examples are high density 

polythene, polyvinyl chloride, etc.  

b. Branched chain polymers: These polymers contain linear chains having some branches, e.g., low density 

polythene. 

 

 
Fig 1.2 Classification of polymers (a) Linear polymer (b) Branched chain polymer (c) Cross-linked polymer (d) 

Network polymer 

 

SAMPLE 
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c. Cross linked: It include interconnections between chains. These are usually formed from bi-functional and 

tri-functional monomers and contain strong covalent bonds between various linear polymer chains, e.g. 

bakelite, melamine, etc.  

d. Network polymers:  A cross linked polymer that includes a lot of interconnections between chains. These 

polymers have trifunctional unitthat have three active covalent bonds, forming 3D networks. E.g Epoxies 

1.4.3 Characteristics of Polymers 

 Low density 

 Low coefficient of friction 

 Good Corrosion resistance 

 Good mould ability 

 Excellent surface finish can be obtained 

 Poor tensile strength 

 Poor mechanical strength 

 Poor temperature resistance 

 

1.4.4 Applications of Polymers 

 Polymers are used in the manufacturing of plastic buckets, cups and saucers, children’s toys, 

packaging bags, synthetic clothing materials, automobile tyres, gears and seals, electrical insulating 

materials and machine parts. 

 It is used in and on soil to improve aeration, promotes plant growth and health. 

 It is used in medical applications like heart valve replacements and blood vessels etc. whichare made 

of polymers. 

 It has very wide industrial application like automobile parts, windshields for fighter planes, Tanks, 

Packing materials, Insulations, Wood substitutes, Matrix for composites, Adhesives, and Elastomers 

etc. 

 It is used in various sports equipments, various balls, Golf club equipments, Protective helmets. 

1.4.5 Degree of crystallinity of Polymers 

Crystallinity refers to the degree of structural order in a solid. Crystallinity defines the degree of long-range order in a material, and 

strongly affects its properties. The more crystalline a polymer, the more regularly aligned its chains. Increasing the degree of 

crystallinity increases hardness and density.  

This is illustrated in poly (ethene):  

HDPE (high density poly (ethene)) is composed of linear chains with little branching. Molecules pack closely together, leading to 

a high degree of order. This makes it stiff and dense, and it is used for milk bottles and drainpipes. 

LDPE(low density poly (ethene)) is composed of numerous short branches and interfere with the close packing of molecules, so 

they cannot form an ordered structure. The lower density and stiffness make it suitable for use in films such as plastic carrier bags 

and food wrapping. 

 

 
% 100

c s a

s c a

Crystallinity
  

  


 


 

ρc = density of completely (100%) crystalline polymer 

ρa = the density of the (100%) amorphous polymer  

SAMPLE 

https://en.wikipedia.org/wiki/Solid
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ρs = density of sample 

 

GATE Tip 

When ρs = ρc, then % crystallinity= 100%.  

When ρs = ρa, then % crystallinity = 0%. 

1. 5 Composite materials 

 Composite materials are multiphase materials obtained by artificial combination of different materials 

to attain properties that the individual components cannot attain. 

 Composited consist of one or more discontinuous phases (reinforcement) embedded in a continuous 

phase (matrix) 

 Examples of composite materials: Cemented carbide, rubber mixed with carbon black, Wood 

(naturally occurring composite material). 

1.5.1 Classification of composites 

1.5.1.1 Based on the type of reinforcement used 

 

1.5.1.1.1  Large-particle reinforced composites 

 Polymers consist of fillers are termed as particle reinforced composites. The fillers are embedded in 

a matrix to improve the properties of the material. 

 Due to their large size, they impart strength by restraining the movement of the matrix phase in the 

vicinity of each particle rather than by inference with the dislocation motion. The matrix transfers 

some of the applied stress to the particles, which bear a fraction of load. 

Classification of composites 
based on reinforcement

Particle-
reinforced

Large particle

Dispersion 
stregthened

Fiber-
reinforced

Continuous 
(aligned)

Discontinuous

Aligned

Randomly 
oriented

Structural 
reinforced

Laminates

Sandwich 
panels
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 The degree of reinforcement or improvement of mechanical behavior depends on strong bonding at 

the matrix-particle interface. 

1.51.1.2  Dispersion strengthened composites 

 Metals and metal alloys can be strengthened and hardened by the uniform dispersion of several 

volume percent of fine particles of a very hard and inert material. 

 The dispersed phase may be metallic or non-metallic; oxide materials are often used. 

 The strengthening mechanism involves interactions between the particles and dislocations within the 

matrix similar to precipitation hardening.  

 At elevated temperature and for extended time, the strengthening is retained since the dispersed 

particles are unreactive with the matrix. 

 Examples: Thoria particles (TiO2   ) particles dispersed in nickel alloys, Sintered aluminium powder. 

1.5.1.1.3 Fiber reinforced composites 

 These are the most important type of composites and provide immence strength and/or stiffness. 

 These characteristics are expressed in the form of specific strength and specific modulus parameters. 

Influence of fiber orientation 

The arrangement of the fibers relative to one another has a great influence on the fiber strength and other 

properties of fiber reinforced composites. Material properties vary significantly based on the direction of loading. 

There are primarily two type of alignement of fibers with respect to the direction of loading 

a. Longitudinal loading 

b. Transverse loading 

 

 

SAMPLE 
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GATE Tip 

The fraction of load carried by the reinforcement ( fibers) is given by: 

f

f m

f mC

m f

E

P E

E VP

E V





 

1.51.2  Based on the type of matrix material

 

a. Metal matrix composites (MMCs):  It includes mixtures of ceramics and metals such as cemented 

carbides and other cermets as well as aluminium or magnesium reinforced by strong, high stiffness 

fibers. 

b. Ceramic matrix composite (CMCs): This is a least commonly used composite material. 

Aluminium oxide and silicon carbide are materials that can be imbedded with fibers for improved 

properties, especially in high temperature applications. 

c. Polymer matrix composite (PMCs) : Thermosetting resins are the most widely used polymers in 

PMCs. Epoxy and polyester are commonly mixed with fiber reinforcement 

d. Carbon matrix composite: These are special composites in which both the reinforcemencing fibers 

and the matrix are both pure carbon. They are best suited where high strength is required. 

1.6 Semiconductors 

 A solid substance that has the conductivity between insulator and metal is termed as a semiconductor.  

 Semiconductors are covalent in nature. Their atomic structure is characterized by the highest occupied 

energy band (the valence band, where the valence electrons reside energetically) full such that the 

energy gap between the top of the valence band and the bottom of the empty energy band (the 

conduction band) is small enough for some fraction of the valence electrons to be excited from the 

valence band to the conduction band by thermal, optical, or other forms of energy. 

  Their electrical properties depend extremely strongly on minute proportions of contaminants.  

 They are usually doped in order to enhance electrical conductivity. 

  

Based on the type of matrix 
material

Polymer matrix 
composite

Ceramic matrix 
composite

Metal matrix 
composite

Carbon matrix 
composite

SAMPLE 
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1.6.1  Classification of semiconductors 

 

1.6.1.1 Intrinsic Semiconductors 

 A semiconductor, which is in its extremely pure form, is known as an intrinsic semiconductor. Silicon and 

germanium are the most widely used intrinsic semiconductors. 

 Both silicon and germanium are tetravalent, i.e. each has four electrons (valence electrons) in their outermost 

shell. Other examples include Sn ,Pb 

 Each atom shares its four valence electrons with its four immediate neighbours, so that each atom is involved 

in four covalent bonds. 

 The electrical conductivity is totally governed by the electrons excited from the valence band to the conduction 

band and in which no impurity atoms are added to increase their conductivity. 

 In intrinsic semiconductors, as temperature increases, the electrons in the valence band gain sufficient energy 

to escape from the domain of their atoms. As a result, at higher temperature, the valence electrons in 

semiconductors become free to move and hence its conductivity increases. 

 

Fig 1.3 Variation of conductivity vs temperature for conductors, semiconductors and insulators 

 The conductivity of intrinsic semiconductors in terms of concentration is given by 

 ne =  nh      = ni 

 σi=nie (µe+µh) 

 

 n = no e- Egap/2KT  

 σi= e- Egap/2KT 

Classification of 
Semiconductors

Intrinsic 
Semiconductor

Extrinsic 
Semiconductor

N-type 
Semiconductor

P-type 
semiconductor
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Here, σi   =   conductivity of an intrinsic semiconductor 

µe, µh   = electron and hole mobility respectively 

                                e  = charge of an electron 

  ne = the free electron density in conduction band 

  nh = hole density in valence band 

  ni = intrinsic carrier concentration 

    k = Boltzmann constant 

1.6.1.2 Extrinsic Semiconductors: 

 A semiconductor doped with suitable impurity atoms so as to increase its conductivity is known as Extrinsic 

Semiconductor. 

 

P type Semiconductor 

 

 The semiconductors which are obtained by introducing trivalent impurity atoms are known as P-type 

semiconductors.  

 Examples are Ga, In, Al and B. These elements have 3 electrons in their valance shell which will form 

covalent bonds with the neighbouring atoms.  

 In P-type semiconductor current flows due to the movement of electrons and holes but majority of through 

holes. Thus holes in a P-type semiconductor are known as majority charge carriers while electrons as 

minority charge carriers.  

 The fourth covalent bond will remain incomplete. A vacancy, which exists in the incomplete covalent bond 

constitute a hole. The impurity atom is thus known as acceptor atom. 

 For a p-type semiconductor, the density of holes will be approximately equal to the acceptor atom density.  

 

Conductivity of P-type semiconductor (p>>n)  p h hen   

here e = charge of an electron 

 nh= hole concentration 

 µh = mobilily of holes  

 

N-type Semiconductor 

 The semiconductors which are obtained by introducing pentavalent impurity atoms are known as N-type 

semiconductors.  

Extrinsic Semiconductor

( Two types of impurities 
are added to the 
semiconductor)

P-Type Semiconductor

Atoms containing 3 valence 
electrons ( Trivalent impurity 

atoms) e.g.- Al, Ga, B, In

N-Type Semiconductor

Atoms containing 5 valence 
electrons (Pentavalent 

impurity atoms) e.g.- P, As, Sb, 
Bi
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 Examples are P, Sb, As and Bi. These elements have 5 electrons in their valance shell. Out of which 4 

electrons will form covalent bonds with the neighbouring atoms and the 5th electron will be available as 

a current carrier. The impurity atom is thus known as donor atom.  

 In N-type semiconductor current flows due to the movement of electrons and holes but majority of 

through electrons. Thus electrons in a N-type semiconductor are known as majority charge carriers while 

holes as minority charge carriers. 

Conductivity of N-type semiconductor (n>>p)  n e een   

here e  = charge of an electron 

 ne = electron concentration 

 µe = mobilily of electrons 

 

1.6.2 Fermi Energy 

 

The Fermi energy is a quantum mechanical concept and it usually refers to the energy of the highest occupied 

quantum state in a system of fermions at absolute zero temperature.  

Fermi Level:The Fermi level (EF) is the maximum energy, which can be occupied by an electron at absolute zero 

(0 K). 

   
Fig 1.4 (a) Fermi energy diagram for 
Intrinsic Semiconductor 
The Fermi level (Ef) lies at the middle of 
the forbidden energy gap. 

 
 

Fig. (b) Fermi energy diagram for N-
type Extrinsic Semiconductor 
The Fermi level (Ef) shifts upwards 
towards the bottom of the conduction 
band 
 

Fig. (c) Fermi energy diagram for P-
type Extrinsic Semiconductor 
The Fermi level (Ef) shifts downwards 
towards the top of the valence band 

1.6.3 Mobility 

It is defined as the ability of an electron or hole to move through a semiconductor in the presence of an applied 

magnetic field. 

      

Where µ = mobility of electron or hole (replace µ with µn for electron mobility and µh for hole mobility) 

 V = drift velocity (replace V with Vn for drift velocity of electron and Vh for drift velocity of hole) 

 E = applied electric field 

  

µ = V/E 
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1.7 Biomaterials 

 These are any type material that can be used for replacement of damaged or diseased human body 

parts.  

 Primary requirement of these materials is that they must be biocompatible with body tissues, and must 

not produce toxic substances.  

 Other important material factors are: ability to support forces; low friction, wear, density, and cost; 

reproducibility.  

 Typical applications involve heart valves, hip joints, dental implants, intraocular lenses. Examples: 

Stainless steel, Co-28Cr-6Mo, Ti-6Al-4V, ultra high molecular weight poly-ethylene, high purity 

dense Al-oxide, etc. 

 

1.8 Atomic Structure and Atomic Bonding in Solids  

1.8.1  Atomic Structure 

 Atoms are the basic units of matter and the defining structure of elements. Atoms are made up of 

three particles: protons, neutrons and electrons. Electrons and protons are negative and positive 

charged particles respectively. The magnitude of each charged particle in an atom is 1.6 x 10-19 

Coulombs. 

 The mass of the electron is negligible with respect to those of the proton and the neutron, which form 

the nucleus of the atom. The unit of mass is an atomic mass unit (amu) = 1.66 x 10-27 kg, and equals 

1/12 the mass of a carbon atom. The Carbon nucleus has Z=6, and A=6, where Z is the number of 

protons, and A the number of neutrons. Neutrons and protons have very similar masses, roughly equal 

to 1 amu each. A neutral atom has the same number of electrons and protons, Z. 

 A mol is the amount of matter that has a mass in grams equal to the atomic mass in amu of the atoms. 

Thus, a mole of carbon has a mass of 12 grams. The number of atoms in a mole is called the 

Avogadro number, Nav= 6.023 x 1023. Note that Nav = 1 gram/1 amu. 

 

1.8.2  Atomic Bonding in Solids 

 

 

Atomic bonding 
in solids

Primary bonds 
(Strong bonds)

Covalent bonds

Ionic bonds

Metallic bonds

Secondary 
bonds ( Weak 

bonds)

Vander Waal 
bonds

Hydrogen 
bonds
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Metals and Ceramics are entirely held together by primary bonds - the ionic and covalent bonds in ceramics, and 

the metallic and covalent bonds in metals. Although much weaker than primary bonds, secondary bonds are still 

very important. They provide the links between polymer molecules in polyethylene (and other polymers) which 

make them solids. Without them, water would boil at -80°C, and life as we know it on earth would not exist. 

 

1.8.2.1 Ionic Bonding 

This bond exists between two atoms when one of the atoms is negative (has an extra electron) and another is 

positive (has lost an electron). Then there is a strong, direct Coulomb attraction. Basically ionic bonds are non-

directional in nature. An example is NaCl. In the molecule, there are more electrons around Cl, forming Cl- and 

fewer electrons around Na, forming Na+. Ionic bonds are the strongest bonds. In real solids, ionic bonding is 

usually exists along with covalent bonding. 

 

 
Fig 1.5  Schematic representation of Ionic bonding. Na is giving an electron to Cl to have stable structure. 

1.8.2.2 Covalent Bonding 

In covalent bonding, electrons are shared between the atoms, to saturate the valency. The simplest example is the 

H2 molecule, where the electrons spend more time in between the nuclei of two atoms than outside, thus 

producing bonding. Covalent bonds are stereo-specific i.e. each bond is between a specific pair of atoms, which 

share a pair of electrons (of opposite magnetic spins). Typically, covalent bonds are very strong, and directional in 

nature. The hardness of diamond is a result of the fact that each carbon atom is covalently bonded with four 

neighboring atoms, and each neighbor is bonded with an equal number of atoms to form a rigid three-dimensional 

structure. 

 

Fig 1.5 Schematic representation of covalent bond in CO2 molecule (sharing of Electrons) 
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1.8.2.3 Metallic Bonding 

Metallic bonding is the force of attraction between valence electrons and the metal atoms. It is the sharing of 

many detached electrons (called sea of electrons) between many positive ions. Thus metallic bonding can be 

viewed as metal containing a periodic structure of positive ions surrounded by a sea of delocalized electrons.  

 

Fig 1.6 Schematic representation of Metallic bonding having positive ion and electron cloud 

 

The attraction between the two provides the bond, which is non-directional. Metals are characterized by high 

thermal and electrical conductivities. Thus, neither covalent nor ionic bonds are realized because both types of 

bonding localize the valence electrons and preclude conduction. However, strong bonding does occur in metals. 

Metallic bonds are non directional in nature.  

 

1.8.2.4 Fluctuating Induced Dipole Bonds 

Since the electrons may be on one side of the atom or the other, a dipole is formed: the Positive (+ve) nucleus at 

the center, and the electron outside. Since the electron moves, the dipole fluctuates. This fluctuation in atom A 

produces a fluctuating electric field that is felt by the electrons of an adjacent atom, B. Atom B then polarizes so 

that its outer electrons are on the side of the atom closest to the +ve side (or opposite to the -ve side) of the dipole 

in A. 

1.8.2.5 Polar Molecule-Induced Dipole Bonds 

Another type of secondary bond exists with asymmetric molecules, also called polar molecules because of 

positively and negatively charged regions. A permanent dipole moment arises from net positive and negative 

charges that are respectively associated with the hydrogen and chlorine ends of the HCl molecule, leading to 

bonding. The magnitude of this bond will be greater than for fluctuating induced dipoles. 

These two kinds of bonds are also called van der Waals bonds. Third type of secondary bond is the hydrogen 

bond. It is categorized separately because it produces the strongest forces of attraction in this category. 

 

1.8.2.6 Permanent Dipole Bonds / Hydrogen bonding 

It occurs between molecules as covalently bonded hydrogen atoms - for example C-H, O-H, F-H - share single 

electron with other atom essentially resulting in positively charged proton that is not shielded any electrons. 

 

                                                             Fig 1.7 Hydrogen bonding in water molecule 

This highly positively charged end of the molecule is capable of strong attractive force with the negative end of an 

adjacent molecule. The properties of water are influenced significantly by the hydrogen bonds/bridges. The 

bridges are of sufficient strength, and as a consequence water has the highest melting point of any molecule of its 

size. Likewise, its heat of vaporization is very high. 

 

SAMPLE 
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GATE Tip 

Important topics from this chapter are: Polymers (Numericals based on their crystallinity), Composites 

(Numericals based on fiber orientation), Semiconductors (Numericals based on conductivity of intrinsic and 

extrinsic semiconductor), Strength of bond and directionality of bonds.  

 

 

 

 

Past GATE Questions 

 

Polymers 

1 Mark Question 

 
[1] In polymers such as epoxies, creep resistance can be enhanced by                [GATE 2015] 

a. Increasing the bulkiness of side groups 

b. Increasing the cross-link density 

c. Addition of plasticizers 

d. Annealing 

 

[2] In a polymer with a large quantity of relatively small chains, the mass- averaged molecular weight is

          [GATE 2007] 
a. Greater than the number-averaged molecular weight 

 b. Smaller than the number- averaged molecular weight 

 c. Equal to the number averaged molecular weight 

 d. Unrelated to the number averaged molecular weight 
 

[3]  Most of the thermosetting polymers are       [GATE 2006] 

a. Amorphous  b. semi crystalline c. crystalline  d. Trans crystalline 

 

2 Mark Question 

 

[4]  The density and corresponding crystallinity of two poly-propylene material are given below   

           [GATE 2016] 

 

 

 

 

 The density of totally amorphous poly-propylene (in kg m-3)   is 

 a. 723    b. 841   c. 905   d. 956 

 

 Mer unit is ethylene. Atomic weight carbon (12) and hydrogen (1). Calculate number average degree of polymerization.

          
a. 32.32   b. 90.91   c. 106.61  d. 116.13 

 

 

 

Density (Kg m-3    ) Crystallinity (%) 

904 62.8 

895 54.4 
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[8] The average molecular weight of high density polyethylene is found to be 56000. The degree of 
polymerization.         [GATE 2009] 

a. 200   b. 1000   c. 2000   d. 4000 

 

Statement for linked answer questions [9] and [10]  

Molecular weight data for a hypothetical polymeric material are tabulated below.  [GATE 2006] 

 

Molecular weight (g/mol) Weight fraction 

5000-25000 0.1 

25000-50000 0.4 

50000-100000 0.3 

100000-500000 0.2 

 

[9] Weight average molecular weight for the above polymer is  

a. 4.5 x 104  b. 9.9 x 104  c. 3.4 x 105  d. 8.4 x 105  

 

[10] Polydispersity index for the above polymer is 

 a. 1.1   b. 1.5   c. 2.2   d. 3.0 
 

Semiconductors 

1 Mark Question 

 

[11] For intrinsic Si at room temperature, the electron concentration = the hole concentration = 1x 1016 m-3 

and the electron and hole nobilities are 0.1 and 0.2 m2 V-1 s-1 respectively. What is the room temperature 

electrical conductivity?        [GATE 2018] 

 The charge of an electron is 1.6 x 10-19 C. 

a. 0 (Ωm)-1  b. 1.6 x 10-4(Ωm)-1 c. 3.2 x 10-4(Ωm)-1 d. 4.8 x 10-4(Ωm)-1 

 

[12] When boron (trivalent) is doped to silicon, the resulting material is   [GATE 2015] 
a. A p-type semiconductor    b. An n-type semiconductor 

c. A superconductor    d. An insulator 

 

[13] As mercury is cooled from room temperature   to 3 K, its electrical behaviour changes from that of 

          [GATE 2014] 
a. Conductor to insulator    b. Semiconductor to insulator 

c. Conductor to superconductor   d. Semiconductor to superconductor 

 

SAMPLE 
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[19] The electrical resistivity (R) of a semiconductor varies with temperature T as follows [GATE 2003] 

a. R   T   b. R 
1

T
   c. R  e(Q / kT)  d. R   e-(Q / kT) 

 Where, Q is a positive constant. 

 

[20] Fermi level of an atom refers to        [GATE 2002] 

a. The highest energy level occupied by the electron at absolute zero kelvin 

b. The energy level with a 50%  probability of occupation 

c. The energy of the outermost electron 

d. None of the above  

  

[21] Which of the following is an electron acceptor impurity in semiconductor?  [GATE 2001] 
a. C in Si  b. B in Si  c. As in Si  d. AlAs in GaAs  

 

2  Marks Questions 

 

[22] For an intrinsic semiconductor, the room temperature electrical conductivity is 10-6(Ωm)-1 .If the electron 

and hole nobilities are 0.75 and 0.06 m2V-1s-1 respectively, the intrinsic carrier concentration ( per m3) at 

room temperature is        [GATE 2017] 

a. 5.1 x 1012  b. 7.7 x 1012 c. 8.3 x 1012   d. 1.1 x 1014 

 

[23] A simplified energy band-diagram of an intrinsic semiconductor at thermal equilibrium (300 K) is 

shown. In the accompanying table, which one of the four columns correctly represents the listed 

parameters? Assume same effective mass for electrons and holes.   [GATE 2016] 

 
 

 

 

 

 

 

 

 

 

 

 

 

SAMPLE 

SAMPLE 
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Composites 

1 Mark Question 

 

[25] Wood is a naturally occurring        [GATE 2009] 

a. Malleable material 
b. Composite material 

c. Ceramic material 

d. Isotropic material 

 

[28] A polymer matrix composite is reinforced with long continuous ceramic fibers aligned in one direction. 

The Young’s moduli of the matrix and fibers are Em and Ef respectively, and the volume fraction of the 

fibers is f. Assuming iso-stress condition, Young’s modulus of the composite EC in a direction 

perpendicular to the length of fibers, is given by the expression   [GATE 2012] 

 

 a. c m fE (1 f )E f E  
  

b. c m fE f E (1 f )E    

 c. 

c m f

1 (1 f ) f

E E E


 

   

d. 

c m f

1 f (1 f )

E E E


   

 

2 Marks Question 

 

[29] A material made up of alternating layers of metals A and B, is loaded as shown below. If the volume % 

of B is 25%, the elastic modulus (in GPa, rounded off to one decimal place) of the material is 

          [GATE 2019] 

  
 Given Elastic moduli of A and B are 200 GPa and 100 GPa respectively. 
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Answers 

[1] (b) increasing the cross-link density 

 The effect of increasing the molecular weight tends to promote secondary bonding between polymer chains and thus 

make the polymer more creep resistant. Cross-linking increases the bonding between polymer chains 

[2] (a) greater than the number averaged molecular weight 

 Number of Mass of Total mass Weight molecules each of fraction 

  (Ni) molecules each type type of 

  (Mi) of molecules molecules 

   (Ni Mi) 
i i

i

i i

N M
W

N M



  

 Mass average molecular weight 

   = 
i i

i i i

i i

N M
WM M

N M
  


 

 Number average molecular weight 

   = 
i i

i

N M

N




 

 Mass average molecular weight will be greater than number average molecular weight. 

 

[3] (a) amorphous 

 Due to cross-linking, thermosetting polymers exhibit disordered substructure. 

SAMPLE 


