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Phase Diagrams 

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

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

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

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

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

material with more than one phase. Solute does not change the structural pattern of the 

solvent, and the composition of any solution can be varied. In mixtures, there are different 

phases, each with its own atomic arrangement. It is possible to have a mixture of two different 

solutions! 

 
 

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

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

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

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

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

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

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

other set of properties is sufficient. 

 

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

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

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

liquid mixture (e.g. oil and water) forms two phases as there is no mixing at the molecular 

level. In the solid state, different chemical compositions and/or crystal structures are possible 

so a solid may consist of several phases. For the same composition, different crystal structures 

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

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

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

composites are heterogeneous. 

It is important to understand the existence of phases under various practical conditions 
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which may dictate the microstructure of an alloy, thus the mechanical properties and 

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

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

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

phenomena. 

 

Useful terminology:- 

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

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

chemical species that comprise the system. 

 
 

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

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

composition. 

 

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

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

the solvent is maintained. 

 

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

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

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

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

compound. 

 
 

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

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

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

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

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

may persist indefinitely and of course, has more practical significance than equilibrium 

phases. An equilibrium state of solid system can be reflected in terms of 
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characteristics of the microstructure, phases present and their compositions, relative phase 

amounts and their spatial arrangement or distribution. 

 
 

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

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

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

are related for a chosen system as follows: 

 

P + F = C + 2 

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

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

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

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

P + F = C + 1 

 

 
Equilibrium Phase Diagrams, Particle strengthening by precipitation and 

precipitation reactions 

Equilibrium Phase Diagrams 

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

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

phase diagrams represent the relationships between temperature and the compositions and 

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

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

These diagrams do not indicate the dynamics when one phase transforms into another. 

However, it depicts information related to microstructure and phase structure of a particular 

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

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

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

 

- To show phases are present at different compositions and temperatures under 
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slow cooling (equilibrium) conditions. 

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

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

solidification. 

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

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

 

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

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

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

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

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

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

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

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

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

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

Each invariant point represents an invariant reaction that can occur only under a particular 

set of conditions between particular phases, so is the name for it! 

 

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

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

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

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

represent. This chapter deals mostly with binary phase diagrams. 

Unary diagrams: 
 

In these systems there is no composition change (C=1), thus only variables are temperature and 

pressure. Thus in region of single phase two variables (temperature and pressure) can be varied 

independently. If two phases coexist then, according to Phase rule, either temperature or pressure 

can be varied independently, but not both. At triple points, three phases can coexist at a particular 

set of temperature and pressure. At these points, neither temperature nor the pressure can be 

changed without disrupting the equilibrium i.e. one of the phases may 
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disappear. Figure- depicts phase diagram for water. 
 

 

 

 

Figure-: Unary phase diagram for water. 

Binary diagrams: 

These diagrams constitutes two components, e.g.: two metals (Cu and Ni), or a metal and a 

compound (Fe and Fe3C), or two compounds (Al2O3 and Si2O3), etc. In most engineering 

applications, as mentioned before, condensed phase rule is applicable. It is assumed that the 

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

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

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

one liquid phase i.e. a component is completely soluble in the other component when both 

are in liquid state. 

 
 

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

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

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

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

following: 

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

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

- Elements should not form compounds with each other i.e. there should be no 
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appreciable difference in the electro-negativities of the two elements. 

- Elements should have the same valence. 

 

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

complete solid solubility. 

 
 

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

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

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

composition (compound). These intermediate phases may undergo polymorphic transformations, 

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

changes to another of the same composition at definite temperature). A solid solution based on a 

pure component and extending to certain finite compositions into a binary phase diagram is called 

a terminal solid solution, and the line representing the solubility limit  of a terminal solid solution 

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

 
 

Isomorphous system: 

Figure depicts a typical phase diagram for an isomorphous system made of two metallic 

elements A and B. As cited earlier, any phase diagram can be considered as a map. A set of 

coordinates – a temperature and a composition – is associated with each point in the diagram. 

If the alloy composition and temperature specified, then the phase diagram allows 

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

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

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

the figure-2 above the line marked liquidus (A’bB’) corresponds to the region of stability of 

the liquid phase, and the area below the solidus line (A’dB’) represents the stable region for 

the solid phase. 
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Figure-: Phase diagram for typical isomorphous binary system. 

 

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

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

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

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

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

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

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

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

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

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

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

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

 

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

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

figure-3 represent A, U’, X, V’ and B correspondingly in figure-2. Change in slope of the 
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cooling curve is caused by heat of fusion. In fact these changes in slope are nothing but points 

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

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

cooling curves will be used to construct the phase diagram. 

 

 

Figure-: Cooling curves for isomorphous binary system. 

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

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

 

Procedure to find equilibrium concentrations of phases: 

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

boundaries of the region. 

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

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

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

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

 

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

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

to intersect the region boundaries. 

- The relative amount of a phase is computed by taking the length of tie line from 
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overall composition to the phase boundary for the other phase, and dividing by the 

total tie-line length. 

Eutectic system: 

Many binary systems have components which have limited solid solubility, e.g.: Cu-Ag, Pb-

Sn. The regions of limited solid solubility at each end of a phase diagram are called terminal 

solid solutions as they appear at ends of the diagram. 

 

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

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

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

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

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

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

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

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

written symbolically as: 

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

 
 

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

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

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

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

curve. 

 

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

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

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

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

of the phases can be determined using tie-lines and lever rule. Compositions that are on left- 

hand-side of the eutectic composition are known as hypo-eutectic compositions while 

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

compositions. Development of micro-structure and respective cooling curves for eutectic 
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alloys are shown in figure-5, 6, 7 and 8 for different compositions. The phase that forms 

during cooling but before reaching eutectic temperature is called pro-eutectic phase. 

 
 

Figure: Typical phase diagram for a binary eutectic system. 

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

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

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

phase evolves by diffusion, following the equilibrium values that can be derived from the tie-

line method. However, new layers that solidify on top of the grains have the equilibrium 

composition at that temperature but once they are solid their composition does not change. 
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Figure: Cooling curve and micro-structure development for eutectic alloy that passes 

mainly through terminal solid solution. 

 

 

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

passes through terminal solid solution without formation of eutectic solid. 
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Figure: Cooling curve and micro-structure development for eutectic alloy that passes 

through hypo-eutectic region. 

 

 

 

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

through eutectic-point. 

 

Invariant reactions: The eutectic reaction, in which a liquid transforms into two solid phases, is 

just one of the possible three-phase invariant reactions that can occur in binary systems 
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those are not isomorphous. Schematically it can be shown as in figure-. It represents that a 

liquid phase, L, transforms into two different solids phases (α and β) upon cooling during the 

eutectic reaction. 

 

Figure-9: Schematic of eutectic invariant reaction. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

symbolic reaction and schematic part of phase diagram. 

 
Table-1: Summary of invariant reactions in binary systems 
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Intermediate phases: 

An intermediate phase may occur over a composition range (intermediate solid solution) or 

at a relatively fixed composition (compound) inside the phase diagram and are separated from 

other two phases in a binary diagram by two phase regions. Many phase diagrams contain 

intermediate phases whose occurrence cannot be readily predicted from the nature of the pure 

components. Intermediate solid solutions often have higher electrical resistivities and 

hardnesses than either of the two components. Intermediate compounds form  relatively  at  

a  fixed  composition  when  there  exists  a  stoichiometric  relationship 

between the components, for example: Mg2Ni and MgNi2 in Mg-Ni system. These are called 

inter-metallic compounds, and differ from other chemical compounds in that the bonding is 

primarily metallic rather than ionic or covalent, as would be found with compounds   in   

certain   metal-nonmetal   or   ceramic   systems.   Some   metal-nonmetal 

compounds, Fe3C, are metallic in nature, whereas in others, MgO and Mg2Si, bonding is 

mainly covalent. When using the lever rules, inter- metallic compounds are treated like any 

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

 
 

Number of phase transformations may takes place for each system. Phase transformations in 
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which there are no compositional alternations are said to be congruent transformations, and 

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

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

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

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

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

example, melts congruently whereas Mg2Ni melts incongruently since it undergoes peritectic 

decomposition. 

 
Particle strengthening by precipitation and precipitation reactions 

 

 
As explained in an earlier chapter (chapter-6: Dislocations and Strengthening Mechanisms), 

by obstructing dislocation motion in different means, material’s strength can be increased. 

One of the methods that are applicable to multi-phase material is particle strengthening in 

which second phase particles are introduced into the matrix by either mixing-and-

consolidation (dispersion strengthening) or precipitated in solid state (precipitation 

hardening). 

 

The object of the precipitation strengthening is to create in a heat-treated alloy a dense and 

fine dispersion of precipitated particles in a matrix of deformable metal. The particles act as 

obstacles to dislocation motion. In order for an alloy system to be able to precipitation- 

strengthened for certain alloy compositions; there must be a terminal solid solution which 

has a decreasing solid solubility as the temperature decreases. 

 

Precipitation strengthening and reactions that occur during precipitation can be best 

illustrated using the Al-4%Cu (duralumin) system. Figure-10 depicts the Al-rich end of the 

Al-Cu phase diagram. It can be observed that the alloy with 4%Cu exists as a single phase α-

solid solution at around 550 C, and at room temperature as a mixture of α (with less than 

0.5%Cu) and an inter-metallic compound, CuAl2 (θ) with 52%Cu. On slow cooling α rejects 

excess Cu as precipitate particles of θ. These particles relatively coarse in size and can cause 

only moderate strengthening effect. 
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Figure Aluminium rich end of Al-Cu phase diagram. 

 

 
By rapidly cooling the alloy, a supersaturated solution can be obtained at room 

temperature. As a function of time at room temperature, and at higher temperatures up to 

200 C, the diffusion of Cu atoms may take place and the precipitate particles can form. 

For this particular alloy, Al-4%Cu, five sequential structures can be identified: (a) 

supersaturated solid solution α, (b) GP1 zones, (c) GP2 zones (θ” phase), (d) θ’ phase and 

(e) θ phase, CuAl2. Not all these phases can be produced at all aging temperatures. GP1 

and GP2 zones are produced at lower temperatures, and θ’ and θ phases occur at higher 

temperatures. The initial stages of precipitation are the most difficult to analyze because of 

the extremely small size of the particles and their relatively uniform distribution. GP zones 

meant for Guinier-Preston zones which have a definite composition and structure that is 

not the same as that of the final stable precipitate. Evidently these particles are easier to 

nucleate than the final precipitate, as a result, form first. Eventually they disappear as later 

more stable phases appear. θ” and θ’ are meta- stable transition precipitates with distinct 

crystal structure of their own, while θ is the equilibrium stable precipitate of CuAl2. 

 
GP1 zones:- 

These zones are created by Cu atoms segregating in α, and the segregated regions are of disk 

shape with thickness of 0.4-0.6 nm, and 8-10 nm in diameter and form on the {100} cubic 
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planes of the matrix. As Cu atoms which replace Al atoms are smaller in diameter, matrix 

lattice strains tetragonally. These zones are said to be coherent with the matrix lattice. 

 

 
 

GP2 zones / θ” phase:- 

With additional aging, ordering of larger clumps of Cu atoms on {100} occurs. These 

zones have tetragonal structure which therefore introduces coherency in the lattice with 

{100} planes of the matrix, accompanied by further hardening. However, their size ranges 

from 1-4 nm thick and 10-100 nm in diameter as aging proceeds. 

 

θ’ phase:- 

This phase nucleates heterogeneously especially on dislocations. It has tetragonal structure 

but is partially coherent with the matrix. This phase forms platelets with thickness 10-150 

nm. 

 

θ phase:- 

With still further aging the equilibrium phase CuAl2 or θ is formed from the transition lattice 

θ’ or directly from the matrix accompanied by a reduction in hardness. It has a BCT (body-

centered-tetragonal) structure, and is incoherent with the matrix. As these particles are no 

longer coherent with the matrix, hardness is lower than at the stage when coherent was 

present. Over-aging continues with the growth of these particles controlled by diffusion. 

Variation of hardness with aging time is shown in figure-11. 

 

The general sequence of precipitation in binary Al-Cu alloys can represented as: 

Supersaturated α → GP1 zones → GP2 zones (θ” phase) → θ’ phase → θ phase (CuAl2) 

Most precipitation-hardening systems operate in a similar way, peak hardness usually being 

attained in the later stages of coherency or at the onset of incoherency. It is quite common 

for a coherent precipitate to form and then lose coherency when the particle grows to a critical 

size. However, in some systems there is no evidence of coherency strains, and the fine 

particles appear to act alone as impediments to dislocation movements, for example – systems 

with dispersion strengthening. 
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Figure Correlation of structures and hardness for Al-4%Cu alloy. 
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The iron – carbon system, phase transformations 

A study of iron-carbon system is useful and important in many respects. This is because (1) 

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

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

in many other systems and helps explain the properties. 

 
 

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

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

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

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

an equilibrium phase. However, in ordinary steels decomposition of cementite into graphite 

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

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

 
 

Figure- Iron – Iron carbide phase diagram. 
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The Fe-Fe3C is characterized by five individual phases and four invariant reactions. Five 

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

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

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

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

 
 

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

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

At 1400 C, austenite changes to BCC phase known as δ-ferrite, which finally melts 

at 1536 C. 

 

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

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

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

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

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

used  as  magnetic  material below 768 C. Solubility of carbon in γ-iron reaches its 

maximum, 2.11%, at a temperature of 1147  C. Higher solubility of carbon in austenite is 

attributed to FCC structure and corresponding interstitial sites. Phase transformations involving 

austenite plays very significant role in heat treatment of different steels. Austenite itself is non- 

magnetic. Carbon solubility in δ-ferrite is maximum (0.1%) at 1495 C. As this ferrite exists 

only at elevated temperatures, it is of no commercial importance. Cementite, Fe3C an inter- 

metallic compound forms when amount of carbon present exceeds its solubility limit at respective 

temperatures. Out of these four solid phases, cementite is hardest and brittle that is used in 

different forms to increase the strength of steels. α–ferrite, on the other hand, is softest and act as 

matrix of a composite material. By combining these two phases in a solution, a material’s 

properties can be varied over a large range. 

 
 

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

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

2.11; while cast irons have carbon in the range of 2.11%-6.67%. Thus commercial pure iron 
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is composed of exclusively α–ferrite at room temperature. Most of the steels and cast irons 

contain both α–ferrite and cementite. However, commercial cast irons are not simple alloys 

of iron and carbon as they contain large quantities of other elements such as silicon, thus 

better consider them as ternary alloys. The presence of Si promotes the formation of graphite 

instead of cementite. Thus cast irons may contain carbon in form of both graphite and 

cementite, while steels will have carbon only in combined from as cementite. 

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

- peritectic reaction at 1495 C and 0.16%C, δ-ferrite + L ↔ γ-iron (austenite) 

- monotectic reaction 1495 C and 0.51%C, L ↔ L + γ-iron (austenite) 

- eutectic reaction at 1147 C and 4.3 %C, L ↔ γ-iron + Fe3C (cementite) 

[ledeburite] 

- eutectoid reaction at 723 C and 0.8%C, γ-iron ↔ α–ferrite + Fe3C (cementite) 

[pearlite] 

 

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

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

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

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

constituent having alternate thin layers of α–ferrite (~88%) and Fe3C, cementite (~12%). Steels 

with less than 0.8%C (mild steels up to 0.3%C, medium carbon steels with 

C between 0.3%-0.8% i.e. hypo-eutectoid Fe-C alloys) i.e. consists pro-eutectoid α–ferrite 

in addition to pearlite, while steels with carbon higher than 0.8% (high-carbon steels i.e. 

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

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

importance in heat treatment of steels. 

 

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

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

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

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

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

nevertheless, a constituent because it has a definite appearance under the 
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microscope and can be clearly identified in a structure composed of several constituents. The 

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

usually, occurs heterogeneously and rarely homogeneously at grain boundaries. When it is 

not homogeneous, nucleation of pearlite occurs both at grain boundaries and in the grains of 

austenite. When austenite forms pearlite at a constant temperature, the spacing between 

adjacent lamellae of cementite is very nearly constant. For a given colony of pearlite, all 

cementite plates have a common orientation in space, and it is also true for the ferrite plates. 

Growth of pearlite colonies occurs not only by the nucleation of additional lamellae but also 

through an advance at the ends of the lamellae. Pearlite growth also involves the nucleation 

of new colonies at the interfaces between established colonies and the parent austenite. The 

thickness ratio of the ferrite and cementite layers in pearlite is approximately 8 to 1. However, 

the absolute layer thickness depends on the temperature at which the isothermal 

transformation is allowed to occur. 

 

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

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

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

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

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

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

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

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

decreases again at lower temperatures. 

 
 

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

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

concentration. Almost all alloying elements causes the eutectoid concentration to decrease, 

and most of the alloying elements (e.g.: Ti, Mo, Si, W, Cr) causes the eutectoid temperature 

to increase while some other (e.g.: Ni, Mn) reduces the eutectoid temperature. Thus alloying 

additions alters the relative amount of pearlite and pro- eutectoid phase that form. 
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Fe-C alloys with more than 2.11% C are called cast irons. Phase transformations in cast irons 

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

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

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

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

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

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

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

flakes are sharp and act as stress risers. Brittleness arising because of flake shape can be avoided 

by producing graphite in spherical nodules, as in malleable cast iron and SG (spheroidal graphite) 

cast iron. Malleable cast iron is produced by heat treating white cast iron (Si < 1%) for prolonged 

periods at about 900 C and then cooling it very slowly. The cementite decomposes and temper 

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

molten iron. In these Si content must be about 2.5%, and no subsequent heat treatment is required. 
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Transformation rate effects and TTT diagrams, Microstructure and 

Property Changes in Fe-C Alloys 

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

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

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

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

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

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

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

in the sense that the transformations of austenite that occur at temperatures below about 550 

C are not shown. 

 

 

Figure- Partial TTT diagram for a eutectoid Fe-C alloy. 

 

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

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

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

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

with decreasing transformation temperature, sluggish movement of carbon results in thinner 

layers α–ferrite and cementite i.e. fine pearlite is produced. 
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At transformation temperatures below 550 C,  austenite  results  in  different  product known 

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

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

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

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

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

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

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

pearlite tends to form spherical colonies, whereas bainite grows as plates and has a 

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

temperature range (550 C-350 C), is characterized by relatively coarse, irregular shaped 

cementite particles in α–ferrite plates. If the transformation is taking place at lower 

temperatures (350 C-250 C), the α– ferrite plates assume a more 

regular needlelike shape, and the transformation product is called lower bainite. At the same 

time carbide particles become smaller in size and appear as cross-striations making an angle 

of about 55 to the axis of the α–ferrite plate. Upper bainite has large rod-like cementite 

regions, whereas lower bainite has much finer cementite particles as a result of sluggish 

diffusion of carbon atoms at lower temperatures. Lower bainite is considerably harder than 

upper bainite. Another characteristic of bainite is that as it has crystallographic orientation 

that is similar to that found in simple ferrite nucleating from austenite, it is believed that 

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

to be nucleated by formation of cementite. 

  

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

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

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

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

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

Martensite as bainite formation is athermal and diffusion controlled though its microstructure 

is characterized by acicular (needlelike) appearance. 
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The time-temperature dependence of the bainite transformation can also be presented using 

TTT diagram. It occurs at temperatures below those at which pearlite forms i.e. it does not 

form until the transformation temperature falls below a definite temperature, designated as 

Bs. Above this temperature austenite does not form bainite except under external stresses. 

Below Bs, austenite does not transform completely to bainite. The amount of bainite formed 

increases as the isothermal reaction temperature is lowered. By reaching a lower limiting 

temperature, Bf, it is possible to transform austenite completely to bainite. The Bs and Bf 

temperatures are equivalent to the Ms and Mf temperatures for Martensite. 

 
 

In simple eutectoid steels, pearlite and bainite transformations overlap, thus transition from 

the pearlite to bainite is smooth and continuous i.e. knees of individual pearlite and bainite 

curves are merged together. However each of the transformations has a characteristic C- 

curve, which can be distinguishable in presence of alloying elements. As shown in complete 

TTT diagram for eutectoid steel in figure-18, above approximately 

550    C-600    C, austenite transforms completely to pearlite. Below this range up to 450 C, 

both pearlite and bainite are formed. Finally, between 450 C and 210 C, the 

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

supercooling, and the pearlite transformation at a low degree of supercooling. In middle 

region, pearlitic and bainitic transformations are competitive with each other. 

Figure- Complete TTT (isothermal transformation) diagram for eutectoid steel. 
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As explained in earlier section, martensitic transformation can dominate the proceedings if 

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

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

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

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

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

rendering the martensitic transformation more competitive. Start of the transformation is 

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

Martensite forms in steels possesses a body centered tetragonal crystal structure with carbon 

atoms occupying one of the three interstitial sites available. This is the reason for 

characteristic structure of steel Martensite instead of general BCC. Tetragonal distortion 

caused by carbon atoms increases with increasing carbon content and so is the hardness of 

Martensite. Austenite is slightly denser than Martensite, and therefore, during the phase 

transformation upon quenching, there is a net volume increase. If relatively large pieces are 

rapidly quenched, they may crack as a result of internal stresses, especially when carbon 

content is more than about 0.5%. 

 

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

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

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

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

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

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

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

tempering temperature, a structure called tempered Martensite forms with similar 

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

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

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

first the precipitation of fine particles of hexagonal ε-carbide of composition about Fe2.4C 

from Martensite, decreasing its tetragonality. At higher temperatures or with increasing 

tempering times, precipitation of cementite begins and is accompanied by dissolution of the 

unstable ε-carbide. Eventually the Martensite loses its tetragonality and becomes BCC 
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ferrite, the cementite coalesces into spheres. A schematic of possible transformations 

involving austenite decomposition are shown in figure-19. 

 

 

Figure-: Possible transformation involving austenite decomposition. Tempering 

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

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

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

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

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

boundaries lowering the boundary strength. Impurities responsible for temper brittleness 

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

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

low alloy steels. 

 

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

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

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

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

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

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

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

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

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

isothermal curves are shifted to longer times and lower temperatures. 
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Both TTT and CCT diagrams are, in a sense, phase diagrams with added parameter in form of 

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

allow prediction of the microstructure after some time period for constant temperature and 

continuous cooling heat treatments, respectively. Normally, bainite will not form during 

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

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

austenite-pearlite transformation terminates just below the nose. 

 
 

Figure- Superimposition of TTT and CCT diagrams for a eutectoid steel. 
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Applications and Processing of Metals and Alloys 
 

In the materials world we are living in, when making a new device/component, most often 

we come across a very familiar problem. This is nothing but select the right material. As 

learnt in earlier chapter, selection of material can play very important role preventing failures. 

Selection of material for a specific purpose depends on  many factors.  Some  of the important 

ones are: strength, ease of forming, resistance to environmental degradation, etc. Another 

dimension an engineer should be aware of it is how to tailor the required properties of 

materials. 

 
 

As introduced in one of the earlier chapters, materials can be are broadly classified as metals, 

ceramics and plastics. This chapter introduces different classes of metallic materials, 

common fabrication methods, and means to alter their properties on purpose. Following 

chapters deal with ceramic materials and plastic materials. 

 
 

Types of metals and alloys 

Metallic materials are broadly of two kinds – ferrous and non-ferrous materials. This 

classification is primarily based on tonnage of materials used all around the world. Ferrous 

materials are those in which iron (Fe) is the principle constituent. All other materials are 

categorized as non-ferrous materials. Another classification is made based on their 

formability. If materials are hard to form, components with these materials are fabricated  by 

casting, thus they are called cast alloys. If material can be deformed, they are known as 

wrought alloys. Materials are usually strengthened by two methods – cold work and heat 

treatment. Strengthening by heat treatment involves either precipitation hardening or 

martensitic transformation, both of which constitute specific heat treating  procedure.  When 

a material can not be strengthened by heat treatment, it is referred as non-heat- treatable 

alloys. 
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Ferrous materials 

Ferrous materials are produced in larger quantities than any other metallic material. Three 

factors account for it: (a) availability of abundant raw materials combined with 

economical extraction, (b) ease of forming and (c) their versatile mechanical and physical 

properties. One main drawback of ferrous alloys is their environmental degradation i.e. poor 

corrosion resistance. Other disadvantages include: relatively high density and comparatively 

low electrical and thermal conductivities. In ferrous materials the main alloying element is 

carbon (C). Depending on the amount of carbon present, these alloys will have different 

properties, especially when the carbon  content  is either  less/higher than 2.14%. This amount 

of carbon is specific as below this amount of carbon, material undergoes eutectoid 

transformation, while above that limit ferrous materials undergo eutectic transformation. 

Thus the ferrous alloys with less than 2.14% C are termed as  steels, and the ferrous alloys 

with higher than 2.14% C are termed as cast irons. 

 
 

Steels 

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

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

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

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

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

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

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

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

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

and alloy-steels. 

 

Low carbon steels: 

These are arguably produced in the greatest quantities than other alloys. Carbon present in 

these alloys is limited, and is not enough to strengthen these materials by heat treatment; 



 

34 | P a g e  
 

 
 

hence these alloys are strengthened by cold work. Their microstructure consists of ferrite and 

pearlite, and these alloys are thus relatively soft, ductile combined  with  high  toughness. Hence 

these materials are easily machinable and weldable. Typical  applications  of  these alloys include: 

structural shapes, tin cans, automobile body components, buildings, etc. 

 

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

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

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

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

bridges, pressure vessels. 

 
 

Medium carbon steels: 

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

steels. These alloys can be heat treated to improve their strength. Usual heat treatment cycle 

consists of austenitizing, quenching, and tempering at  suitable conditions to acquire required 

hardness. They are often used in tempered condition. As hardenability of these alloys is low, 

only thin sections can be heat treated using very high quench rates. Ni, Cr and Mo alloying 

additions improve their hardenability. Typical applications  include: railway tracks & wheels, 

gears, other machine parts which may require good combination of strength and toughness. 

 

High carbon steels: 

These are strongest and hardest of carbon steels, and of course their ductility is very limited. 

These are heat treatable, and mostly used in hardened and tempered conditions. They possess 

very high wear resistance, and capable of holding sharp edges. Thus these  are used for tool 

application such as knives, razors, hacksaw blades, etc. With addition of alloying element 

like Cr, V, Mo, W which forms hard carbides by reacting with carbon present, wear resistance 

of high carbon steels can be improved considerably. 
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Stainless steels: 

The name comes from their high resistance to corrosion i.e. they are rust- less (stain-less). 

Steels are made highly corrosion resistant by addition of special alloying elements, especially 

a minimum of 12% Cr along with Ni and Mo. Stainless steels are mainly three kinds: ferritic 

& hardenable Cr steels, austenitic and precipitation hardenable (martensitic, semi-austenitic) 

steels. This classification is based on prominent constituent of the microstructure. Typical 

applications include cutlery, razor blades, surgical knives, etc. 

 

 

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

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

 
 

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

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

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

austenite). 

 

 

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

temperature. These alloys are heat treatable. Major alloying elements are: Cr, Mn and 

Mo. 

 
 

Ferritic and austenitic steels are hardened and strengthened by cold work because they are 

not heat treatable. On the other hand martensitic steels are heat treatable. Austenitic steels 

are most corrosion resistant, and they are produced in  large quantities. Austenitic  steels are 

non-magnetic as against ferritic and martensitic steels, which are magnetic. 

 
 

Cast irons 

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

cast irons contain about 3.0-4.5% C along with some alloying additions. 
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Alloys with this carbon content melt at lower temperatures than steels i.e. they are responsive  to 

casting. Hence casting is the most used fabrication technique for these alloys. 

 
 

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

can readily decompose to form α-ferrite and graphite. In this way disadvantages of brittle 

phase can easily be overcome. Tendency of cast irons to form graphite is usually controlled 

by their composition and cooling rate. Based on the  form of carbon present,  cast irons are 

categorized as gray, white, nodular and malleable cast irons. 

 

Gray cast iron: 

These alloys consists carbon in form graphite flakes, which are surrounded  by  either ferrite 

or pearlite. Because of presence of graphite, fractured surface of these alloys look grayish, 

and so is the name for them. Alloying addition of Si (1- 3wt.%) is responsible for 

decomposition of cementite, and also high fluidity. Thus castings  of intricate shapes  can be 

easily made. Due to graphite flakes, gray cast irons are weak and brittle. However they 

possess good damping properties, and thus typical applications include: base structures,  bed 

for heavy machines, etc. they also show high resistance to wear. 

 

White cast iron: 

When Si content is low (< 1%) in combination with faster cooling rates, there is no time left 

for cementite to get decomposed, thus most of the brittle cementite retains. Because of 

presence of cementite, fractured surface appear white, hence the name. They are very  brittle 

and extremely difficult to machine. Hence their use is limited to wear resistant applications 

such as rollers in rolling mills. Usually white cast iron is heat treated to produce malleable 

iron. 

 
 

Nodular (or ductile) cast iron: 

Alloying additions are of prime importance in producing these materials. Small additions  of 

Mg / Ce to the gray cast iron melt before casting can result in graphite to form nodules 
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or sphere-like particles. Matrix surrounding these particles can be either ferrite or pearlite 

depending on the heat treatment. These are stronger and ductile than gray cast irons. Typical 

applications include: pump bodies, crank shafts, automotive components, etc. 

 

Malleable cast iron: 

These formed after heat treating white cast iron. Heat treatments involve heating the material 

up to 800-900 C, and keep it for long hours, before cooling it to  room temperature. High 

temperature incubation causes cementite to decompose and form ferrite and graphite. Thus 

these materials are stronger with appreciable amount of ductility. Typical applications 

include: railroad, connecting rods, marine and other heavy- duty services. 

 
 

Non-ferrous materials 

Non-ferrous materials have specific advantages over ferrous materials. They can be 

fabricated with ease, high relatively low density, and high electrical and thermal 

conductivities. However different materials have distinct characteristics, and are used for 

specific purposes. This section introduces some typical non-ferrous metals  and  their  alloys 

of commercial importance. 

 
 

Aluminium alloys: 

These are characterized by low density, high thermal & electrical conductivities, and good 

corrosion resistant characteristics. As Al has FCC crystal structure, these alloys are ductile  even 

at low temperatures and can be formed easily. However, the great limitation of these alloys is 

their low melting point (660 C), which restricts their use at elevated temperatures. Strength of 

these alloys can be increased by both cold and heat treatment – based on these alloys are 

designated in to two groups, cast and wrought. Chief alloying elements include: Cu, Si, Mn, Mg, 

Zn. Recently, alloys of Al and other low-density metals like Li, Mg, Ti gained much attention as 

there is much concern about vehicle weight reduction. Al-Li alloys enjoy much more attention 

especially as they are very useful in 
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aircraft and aerospace industries. Common applications of Al alloys include: beverage cans, 

automotive parts, bus bodies, aircraft structures, etc. Some of the Al alloys are capable of 

strengthening by precipitation, while others have to be strengthened by cold work or solid 

solution methods. 

Copper alloys: 

As history goes by, bronze has been used for thousands of years. It is actually an alloy of Cu 

and Sn. Unalloyed Cu is soft, ductile thus hard to machine, and has virtually unlimited 

capacity for cold work. One special feature of most of these alloys is their corrosion resistant 

in diverse atmospheres. Most of these alloys are  strengthened  by either  cold work or solid 

solution method. Common most Cu alloys: Brass, alloys of Cu  and Zn  where Zn is 

substitutional addition (e.g.: yellow brass, catridge brass, muntz  metal,  gilding metal); 

Bronze, alloys of Cu and other alloying additions like Sn, Al, Si and Ni. Bronzes are stronger 

and more corrosion resistant than brasses. Mention has to be made about Beryllium coppers 

who possess combination of relatively high strength, excellent electrical and corrosion 

properties, wear resistance, can be cast, hot worked and cold worked. Applications of Cu 

alloys include: costume jewelry, coins, musical instruments, electronics, springs, bushes, 

surgical and dental instruments, radiators, etc. 

 

Magnesium alloys: 

The most sticking property of Mg is its low density among all structural metals. Mg has HCP 

structure,  thus Mg alloys are difficult to form at room temperatures. Hence Mg  alloys are 

usually fabricated by casting or hot working. As in case of Al, alloys are cast or wrought 

type, and some of them are heat treatable. Major alloying additions are: Al, Zn, Mn and rare 

earths. Common applications of Mg alloys include: hand-held devices like saws, tools, 

automotive parts like steering wheels, seat frames, electronics like casing for laptops, 

camcoders, cell phones etc. 

 

Titanium alloys: 

Ti and its alloys are of relatively low density, high strength and have very high melting point. 
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At the same time they are easy to machine and forge. However the major limitation 
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is Ti’s chemical reactivity at high temperatures, which necessitated special techniques to 

extract. Thus these alloys are expensive. They also possess excellent corrosion resistance  in 

diverse atmospheres, and wear properties. Common applications include: space  vehicles, 

airplane structures, surgical implants, and petroleum & chemical industries. 

 

Refractory metals: 

These are metals of very high melting points. For example: Nb, Mo, W and Ta. They also possess 

high strength and high elastic modulus. Common applications  include:  space  vehicles, x-ray 

tubes, welding electrodes, and where there is a need for corrosion resistance. 

 

Noble metals: 

These are eight all together: Ag, Au, Pt, Pa, Rh, Ru, Ir and Os. All these possess some 

common properties such as: expensive, soft and ductile, oxidation resistant. 

Ag, Au and Pt are used extensively in jewelry, alloys are Ag and Au are employed as dental 

restoration materials; Pt is used in chemical reactions as a catalyst and in thermo couples. 
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Thermal processing of metals and alloys 

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

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

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

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

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

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

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

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

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

empiricism in thermal processing. Properly designed and implemented thermal processing 

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

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

However, most of the thermal processes are aimed to improving mechanical characteristics 

of materials. Thus it is possible to extend the service performance of materials considerably 

within constraints of available resources. 

 
 

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

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

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

increase of strength; improvement in machinability, toughness; etc. 

 
 

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

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

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

material, pre-processing of the material’s chemical composition,  size  and  shape of the 

object, final properties desired, material’s melting point/liquidus, etc. 
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Thermal processes may be broadly classified into two categories based on cooling rates from 

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

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

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

of elevated temperatures at room temperature. 

 
 

Annealing processes 

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

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

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

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

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

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

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

contraction due to thermal inhomogeneities. Benefits of annealing are: 

• relieve stresses 

• increase softness, ductility and toughness 

• produce a specific microstructure 
 

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

annealing, stress relief, full annealing and normalizing. 

 
 

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

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

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

recovery and recrystallization are allowed whereas grain growth was restricted. 

 
 

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

deformation, non-uniform cooling, or phase transformation. Unless removed, these stresses 
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may cause distortion of components. Temperature used is normally low such that effects 

resulting from cold working are not affected. 

 
 

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

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

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

additional heat treatments after machining to restore hardness and strength. 

 
 

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

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

steels), then cooling in open air atmosphere. 

 
 

Quenching and Tempering processes 

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

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

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

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

 
 

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

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

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

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

 
 

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

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

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

uniform, followed by cooling at a moderate rate to room temperature before 
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austenite-to-bainite transformation begins. The final structure of martempered steel is 

tempered Martensite. 

 
 

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

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

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

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

 
 

Case Hardening 

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

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

gears. 

 
 

Induction hardening 

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

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

penetrates and raises the temperature above the elevated temperature is inversely 

proportional to the square root of the ac frequency. In induction hardening, the heating  time 

is usually a few seconds. Immediately after heating, water jets are  activated  to quench the 

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

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

production of articles of uniform cross-section. 

 
 

Flame hardening 

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

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

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

core occurs 
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Laser hardening 

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

a lens is used to reduce the intensity by producing a defocused spot of size ranging from 0.5 to 

25 mm. Proper control of energy input is necessary to avoid melting. Laser hardening has the 

advantage of precise control over the area to be hardened, an ability to  harden reentrant surfaces, 

very high speed of hardening and no separate quenching step. The disadvantage is that the 

hardening is shallower than in induction and flame hardening 

 

Carburizing 

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

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

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

diffuses into the steel as a function of time at an elevated temperature. Carburizing is done 

o
at 920-95  C. This fully austenitic state is essential. If carburizing is done in the 

ferritic 

region, the carbon, with very limited solubility in ferrite, tends to form massive cementite 

particles near the surface, making the subsequent heat treatment difficult. For this reason, 

carburizing is always done in the austenitic state, even though longer times are required  due 

to the diffusion rate of carbon in austenite being less that in ferrite at such temperatures. 

 
 

Cyaniding 

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

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

o
the range of 800-870   C. The time of cyaniding is 1-3 hr to produce a case depth of 0.25 

mm or less. 
 

 

Nitriding 

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

be nitrided should posses the required core properties prior to nitriding. During nitriding,  pure 
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ammonia decomposes to yield nitrogen which enters the steel. The solubility 
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of nitrogen in ferrite is small. Most of the nitrogen, that enters the steel, forms hard 

nitrides (e.g., Fe3N). The temperature of nitriding is 500-590
o  

C.  The time for a case  depth 

of 0.02 mm is about 2 hr. In addition to providing outstanding wear resistance, the nitride 

layer increases the resistance of carbon steel to corrosion in moist atmospheres.
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Optical properties of Materials 

Optical property of a material is related to the interaction of it with electromagnetic radiation. 

This radiation may have characteristics that fall in the visible light spectrum, or may be even 

out of it. Electromagnetic spectrum of radiation spans the wide range from γ- 

-12
rays with wavelength as 1        m, through x-rays, ultraviolet, visible, infrared, and finally 

radio waves with wavelengths as along as 10
5 

m. Visible light is one form of electromagnetic 

radiation with wavelengths ranging from 0.39 to 0.77 µm. It contains  color  bands  from 

violet  through  red,  as shown  in the  figure .  White  light  is  simply  a 

mixture  of all  colors.  The  ultraviolet  region  covers the  range  from about  0.01 to about 

0.40 µm, and the infrared region extends from about 0.75 to 1000 µm. 
 
 

Figure- Wave length spectrum of electro-magnetic waves 

The true nature of the light will probably never be known. However, light can be considered 

as having waves and consisting of particles called photons. The important characteristics of 

the photons are related by the following equation. This equation allows us to consider the 

photon as a particle of energy, or as a wave with a characteristic wavelength and frequency. 
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where E – energy, h – Planck’s constant (6.62x10
-34 

J.sec), ν – frequency, c0 – speed of light 

in vacuum (3x10 m/sec), and λ – wavelength. 

All materials interact in some way with light. Interaction of photons with the electronic or 

crystal structure of a material leads to a number of phenomena. The photons may give  their 

energy to the material (absorption); photons give their energy, but photons of  identical 

energy are immediately emitted by the material (reflection); photons may not interact with 

the material structure (transmission); or during transmission photons are changes in velocity 

(refraction). 

At any instance of light interaction with a material, the total intensity of the incident light 

striking a surface is equal to sum of the absorbed, reflected, and transmitted intensities. 

 
 

The intensity is defined as the number of photons impinging on a surface per unit area per 

unit time. Materials that are capable of transmitting light with relatively little absorption and 

reflection are called transparent materials i.e. we can see through them. Translucent 

materials are those through which light is transmitted diffusely i.e. objects are not clearly 

distinguishable when viewed through. Those materials that are impervious to the 

transmission of visible light are termed as opaque materials. 

 
 

Optical properties of metals and alloys 

Typical characteristic of metals with respect to crystal structure is that they possess a high-

energy band that is only partially filled with electrons. When visible light in directed on a 

metal surface, the energy is used to excite electrons into unoccupied energy states above the 

Fermi level, thus making metals behave as opaque materials i.e. light is absorbed. Except of 

thin sections, metals strongly reflect and/or absorb incident radiation for long wavelengths 

to the middle of the ultraviolet range i.e. metals are opaque to all electromagnetic radiation 

on the low end of the frequency spectrum, from radio waves, 
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through infrared, visible, into middle of the ultraviolet radiation. However, metals are 

transparent to high end frequencies, ex. x-ray and γ–ray radiation. Total absorption by metals 

is within a very thin outer layer, usually less than 0.1 µm; thus only metallic films thinner 

than 0.1 µm are capable of transmitting visible light. 

 
 

Most of the absorbed radiation is emitted from the metallic surface in the form of visible 

light of the same wavelength as reflected light. The reflectivity of metals is about 0.95, while 

the rest of impinged energy is dissipated as heat. The amount  of energy absorbed   by metals 

depends on the electronic structure of each particular metal. For example: with copper and 

gold there is greater absorption of the short wavelength colors such as green and blue and a 

greater reflection of yellow, orange  and red wavelengths. Other metals  such as silver and 

aluminium strongly reflect all parts of the visible spectrum and show a white silvery color. 

 

Optical properties of non-metallic materials 

By virtue of their electron structure with characteristic energy band structures, non-metallic 

materials may be transparent to visible lights. Thus, all four optical phenomena such as 

absorption, reflection, transmission and refraction are important for these materials. 

 

Refraction: 

When light photons are transmitted through a material, they causes polarization of the 

electrons in the material and by interacting with the polarized materials,  photons  lose some 

of their energy. As a result of this, the speed of light  is reduced and the beam of  light 

changes direction. 

The relative velocity of light passing through a medium is expressed by the optical 

property called the index of refraction (n), and is defined as: 

where c0 – speed of light in vacuum, c – speed of light in the concerned material. 
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If the angle of incidence from a normal to the surface is θi, and the angle of refraction is 

θr, the refractive index of the medium, n, is given by 
 

 
Reflection and refraction of light is shown in figure 

 

 

Figure- Reflection and refraction of light. 

 

Optical phenomena 
As mentioned in earlier sections, light interacts with a material in many ways. Depending on 

the material, its crystal-/micro-structure, and also on the characteristics of incident  light, 

there are many peculiar phenomena occurs, which are known as optical phenomena. These 

include: luminescence, lasers, thermal emission, photo-conductivity, and optical fibers. All 

these find quite many applications in technology for every day life. 

 
 

Luminescence: Luminescence is defined as the process in which a material absorbs  energy 

and then immediately emits visible or near-visible radiation. This  occurs  as  a result of 

excitation of electrons of a material from the valence band into the conduction band. The 

source of input energy may be high energy electrons or light photons. During luminescence,  

the  excited  electrons  drop  back to  lower  energy levels.  If the   emission 

takes place within 10
-8 

sec.s after excitation, the luminescence is called fluorescence, and 

if it takes longer than 10
-8 

sec.s, it is known as phosphorescence. 
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Luminescence takes place in outer valence- and conduction- bands, while x-rays are 

produced during electron transitions in the inner-energy levels of an atom. Luminescence 

does not occur in metals. In certain ceramics and semi-conductors, however, the energy gap 

between the valence and conduction bands is such that an electron dropping through this gap 

produces a photon in the visible range. 

 

Lasers: 

Laser is an acronym for light amplification by stimulated emission of  radiation. It is in  fact 

special application of luminescence. Unlike most radiation processes, such as luminescence, 

which produce incoherent light, the light produced by laser emission is coherent i.e. light 

waves are all in phase with each other. Consequently, laser light waves are does not spread 

out i.e. parallel, directional, and monochromatic i.e. entirely of one wavelength. 

 
 

In certain materials, electrons excited by a stimulus produce photons which in turn excite 

additional photons of identical wavelength. Thus a large amplification of the photons emitted 

in the material occurs. By selecting stimulant and material properly, laser beam  can be in 

the visible range. Lasers are useful in many applications such as welding, metal cutting,  heat  

treatment,  surgery,  mapping,  reading  compact  disks,  etc.  A  variety  of 

materials are used to produce lasers. Ex.: Ruby, single crystal of Al2O3 doped with little 

amount of Cr2O3; yttrium aluminium garnet (Y3Al5O12 – YAG) doped with neodymium, 

Nd; CO2 gas; He-Ne gas; some semi-conductors like GaAs and InGaAsP. Gas lasers 

generally produce lower intensities and powers, but are more suitable for continuous 

operation since solid-state lasers generate appreciable amounts of heat. 

 

 

Laser operation: when the laser material is exposed to stimulant, for example flash lamp, 

electrons that initially fills the lowest-energy levels gets excited into higher energy-levels. These 

electrons can decay back by two paths: one in which they fall directly back associated photon 

emissions are not part of the laser beam; others decay into a intermediate meta-stable state where 

they reside for about 3 ms before spontaneous emission. This initial 
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spontaneous emission acts as stimulus and triggers an avalanche of emissions from 

remaining electrons in the meta-stable state. The photons are of the same  energy and  are in 

phase. The beam is collimated through the use of a tube with silvered mirrors at each end. 

As stimulated emission occurs, only those photons traveling nearly parallel to the log axis of 

the material are reflected. These reflected photons stimulate the emission of more photons. 

Reflected photons traveling up and down the length of the crystal produce ever- increasing 

number of stimulated photons. Finally, high-energy, highly-collimated, monochromatic 

beam of coherent light is emitted from the laser device. 

 
 

Thermal emission: 

When a material is heated, electrons are excited to higher energy levels, particularly in    the 

outer energy levels where the electrons are less strongly bound to the nucleus. These excited 

electrons, upon dropping back to the ground state, release photons in process what is called 

thermal emission. 

 
 

During thermal emission a continuous spectrum of radiation is emitted with a minimum 

wavelength and the intensity distribution is dependent on the temperature. Higher the 

temperature, wider will be the range of wavelengths emitted. By measuring the intensity  of 

a narrow band of the emitted wavelengths with  a pyrometer,  material’s temperature  can be 

estimated. 

Photo-conductivity: 

As mentioned in earlier section upon absorption of photons at surface, electron may be 

released from its atom nucleus. Thus electricity can be generated from the surface of a metal 

when it is bombarded with photons. Similarly, bombardment of semiconductors by photons, 

with energy equal to greater than the band gap, may result in creation of electron-hole pairs 

that can be used to generate current. This process is called photo- conductivity, and is 

different from photo-electric effect in the sense that an electron-hole pair is generated whose 

energy is related to the band gap energy instead of free electron alone whose energy is related 

to the Fermi level. The current produced in photo- conductivity is directly related to the 

incident light intensity. 
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This phenomenon is utilized in photographic light meters. Cadmium sulfide (CdS) is 

commonly used for the detection of visible light, as in light meters. Photo-conductivity is 

also the underlying principle of the photo-voltaic cell, known to common man as solar  cell, 

used for conversion of solar energy into electricity. 

 
 

Optical fibers: 

Recently the buzz word in the communications sector is the optical fiber, using in place    of 

metallic copper wires. Signal transmission through a metallic wire conductor is electronic, 

whereas in fibers it is photonic i.e. by photons. This enables  faster  transmission at higher 

densities to longer distances with reduction in error rate. These systems consists of 

transmitter (a semiconductor laser) to convert electrical  signals  to light signals, optical fiber 

to transmit the light signals, and a photodiode to convert light signals back to electrical 

signals. 

Optical fiber is the heart of the communication  system.  It must have extremely low loss  of 

light, must be able to guide the light pulses over long distances without significant loss and/or 

distortion. It primarily consists of core, cladding and coating. The core transmits  the signals, 

while the cladding constrains the light beam to the core; outer coating protects the core and 

cladding from the external environment. Optical fiber operates on the principle of total 

internal reflectance. Typically both the core and cladding are made of special types of glass 

with carefully controlled indices of refraction. The indices of refraction are selected such 

that 

Once the light enters the core from the source, it is reflected internally and propagates  along the 

length of the fiber.  Internal  reflection is accomplished by varying the index of refraction  of the 

core and cladding glass materials. Usually two designs are employed in this regard. In step-index 

optical fiber, there is a sharp change in refractive index between the core and cladding. In this 

design output  pulse will be broader than the input  one. It is because light  rays traveling in 

different trajectories have a variety of path lengths. It is possible to avoid  pulse broadening by 

using graded-index fiber. This results in a helical path for the light 
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rays, as opposed to zig-zag path in a step-index fiber. Here impurities such as boron oxide 

(B2O3) or germanium dioxide /GeO2) are added to the silica glass such that the index of 

refraction varied gradually in parabolic manner across the cross  section.  This  enables light 

to travel faster while close to the periphery than at the center. This avoids pulse broadening 

i.e. light rays arrive at output at approximately same time. Both step- and graded- index fibers 

are termed as multi-mode fibers. Third type optical fiber is called single-mode fiber in which 

light travels largely parallel to the fiber axis with little distortion of the digital light pulse. 

These are used for long transmission lines. 
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Applications and Processing of Ceramics 

Ceramics form an important part of materials group. Ceramics are compounds between 

metallic and nonmetallic elements for which the inter-atomic bonds are either ionic or 

predominantly ionic. The term ceramics comes from the Greek word keramikos which means 

‘burnt stuff’. Characteristic properties of ceramics are, in fact, optimized through thermal 

treatments. They exhibit physical properties those are different from that of metallic 

materials. Thus metallic materials, ceramics, and even polymers tend to complement each 

other in service. 

 

Types and applications of ceramics 

Ceramics greatly differ in their basic composition. The properties of ceramic materials also 

vary greatly due to differences in bonding, and thus found a wide range of engineering 

applications. Classification of ceramics based on their specific applications and composition 

are two most important ways among many. 

Based on their composition, ceramics are classified as: 

Oxides, 

Carbides, 

Nitrides, 

Sulfides, 

Fluorides, etc. 

The other important classification of ceramics is based on their application, such as: 

Glasses, 

Clay products, 

Refractories, 

Abrasives, 

Cements, etc. 

In general, ceramic materials used for engineering applications can be divided into two 

groups: traditional ceramics, and the engineering ceramics. Typically, traditional ceramics 

are made from three basic components: clay, silica (flint) and feldspar. For example bricks, 

tiles and porcelain articles. However, engineering ceramics consist of highly pure 

compounds of aluminium oxide (Al2O3), silicon carbide (SiC) and silicon nitride (Si3N4). 
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Glasses: 

Glasses are a familiar group of ceramics – containers, windows, mirrors, lenses, etc. They 

are non-crystalline silicates containing other oxides, usually CaO, Na2O, K2O and Al2O3 

which influence the glass properties and its color. Typical property of glasses that is 

important in engineering applications is its response to heating. There is no definite 

temperature at which the liquid transforms to a solid as with crystalline materials. A specific 

temperature, known as glass transition temperature or fictive temperature is defined based on 

viscosity above which material is named as super cooled liquid or liquid, and below it is 

termed as glass. 

 
 

Clay products: 

Clay is the one of most widely used ceramic raw material. It is found in great abundance and 

popular because of ease with which products are made. Clay products are mainly two kinds 

– structural products (bricks, tiles, sewer pipes) and white- wares (porcelain, chinaware, 

pottery, etc.). 

 

Refractories: 

These are described by their capacity to withstand high temperatures without melting or 

decomposing; and their inertness in severe environments. Thermal insulation is also an 

important functionality of refractories. 

 

Abrasive ceramics: 

These are used to grind, wear, or cut away other material. Thus the prime requisite for this 

group of materials is hardness or wear resistance in addition to high toughness. As they may 

also exposed to high temperatures, they need to exhibit some refractoriness. Diamond, silicon 

carbide, tungsten carbide, silica sand, aluminium oxide / corundum are some typical 

examples of abrasive ceramic materials. 

 

Cements: 

Cement, plaster of paris and lime come under this group of ceramics. The characteristic 

property of these materials is that when they are mixed with water, they form slurry which 

sets subsequently and hardens finally. Thus it is possible to form virtually any shape. 
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They are also used as bonding phase, for example between construction bricks. 

 

 

Advanced ceramics: 

These are newly developed and manufactured in limited range for specific applications. 

Usually their electrical, magnetic and optical properties and combination of properties are 

exploited. Typical applications: heat engines, ceramic armors, electronic packaging, etc. 

 

Some typical ceramics and respective applications are as follows: 

Aluminium oxide / Alumina (Al2O3): 

It is one of most commonly used ceramic material. It is used in many applications such as to 

contain molten metal, where material is operated at very high temperatures under heavy 

loads, as insulators in spark plugs, and in some unique applications such as dental and medical 

use. Chromium doped alumina is used for making lasers. 

 
 

Aluminium nitride (AlN): 

Because of its typical properties such as good electrical insulation but high thermal 

conductivity, it is used in many electronic applications such as in electrical circuits operating 

at a high frequency. It is also suitable for integrated circuits. Other electronic 

ceramics include – barium titanate (BaTiO3) and Cordierite (2MgO-2Al2O3-5SiO2). 

 
 

Diamond (C): 

It is the hardest material known to available in nature. It has many applications such as 

industrial abrasives, cutting tools, abrasion resistant coatings, etc. it is, of course, also used 

in jewelry. 

 

Lead zirconium titanate (PZT): 

It is the most widely used piezoelectric material, and is used as gas igniters, ultrasound 

imaging, in underwater detectors. 

 

Silica (SiO2): 

Silica is an essential ingredient in many engineering ceramics, thus is the most widely used 
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ceramic material. Silica-based materials are used in thermal insulation, abrasives, laboratory 

glassware, etc. it also found application in communications media as integral part of optical 

fibers. Fine particles of silica are used in tires, paints, etc. 

 

Silicon carbide (SiC): 

It is known as one of best ceramic material for very high temperature applications. It is used 

as coatings on other material for protection from extreme temperatures. It is also used as 

abrasive material. It is used as reinforcement in many metallic and ceramic based composites. 

It is a semiconductor and often used in high temperature electronics. Silicon 

nitride (Si3N4) has properties similar to those of SiC but is somewhat lower, and found 

applications in such as automotive and gas turbine engines. 

 

Titanium oxide (TiO2): 

It is mostly found as pigment in paints. It also forms part of certain glass ceramics. It is used 

to making other ceramics like BaTiO3. 

 
Titanium boride (TiB2): 

It exhibits great toughness properties and hence found applications in armor production. 

It is also a good conductor of both electricity and heat. 

 

Uranium oxide (UO2): 

It is mainly used as nuclear reactor fuel. It has exceptional dimensional stability because 

its crystal structure can accommodate the products of fission process. 

 

Yttrium aluminium garnet (YAG, Y3Al5O12): 

It has main application in lasers (Nd-YAG lasers). 

Zirconia (ZrO2): 

It is also used in producing many other ceramic materials. It is also used in making oxygen 

gas sensors, as additive in many electronic ceramics. Its single crystals are part of jewelry. 
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Composites 
There is a great need for materials with special properties with emergence of new 

technologies. However, conventional engineering materials are unable to meet this 

requirement of special properties like high strength and low density materials for aircraft 

applications. Thus, emerged new class of engineering materials – composites. Unfortunately, 

there is no widely accepted definition for a composite material. For the purpose of this 

module,  the following definition is adopted: any multiphase material that  is artificially made 

and exhibits a significant proportion of the properties  of  the  constituent phases. The 

constituent phases of a composite are usually of macro sized portions, differ in form and 

chemical composition and essentially insoluble in each other. 

 
 

Composites are, thus, made by combining two distinct engineering materials  in  most cases; 

one is called matrix that is continuous and surrounds the other phase – dispersed phase. The 

properties of composites are a function of the properties of the constituent phases, their 

relative amounts, and size-and-shape of dispersed phase. 

 
 

Millions of combinations of materials are possible and thus so number of composite 

materials. For ease of recognition, composite materials are classified based on different 

criteria like: (1) type of matrix material – metal matrix composites, polymer matrix 

composites and ceramic matrix composites (2) size-and-shape of dispersed phase – particle-

reinforced composites, fiber-reinforced  composites and structural composites. It  is 

understandable that properties of composite materials are nothing but improved version of 

properties of matrix materials due to presence of dispersed phase. However, engineers need 

to understand the mechanics involved in achieving the better properties. Hence the following 

sections highlight the mechanics of composites, which depend on size-and- shape of 

dispersed phase. 

Particle-reinforced composites 

 

This class of composites is most widely used composites mainly because they are widely 

available and cheap. They are again two kinds: dispersion-strengthened and particulate- 
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reinforced composites. These two classes are distinguishable based upon strengthening 

mechanism – dispersion-strengthened composites and particulate composites. 

 

In dispersion-strengthened composites, particles are comparatively smaller, and are of 0.01- 

0.1µm in size. Here the strengthening occurs at atomic/molecular level i.e. mechanism of 

strengthening is similar to that for precipitation hardening in metals where matrix bears the 

major portion of an applied load, while dispersoids hinder/impede the motion of 

dislocations. Examples: thoria (ThO2) dispersed Ni-alloys (TD Ni-alloys) with high- 

temperature strength; SAP (sintered aluminium powder) – where aluminium matrix is 

dispersed with extremely small flakes of alumina (Al2O3). 

 

 
Particulate composites are other class of particle-reinforced composites. These contain large 
amounts of comparatively coarse particles. These composites are designed to produce 

unusual combinations of properties rather than to improve the strength. Mechanical 
properties, such as elastic modulus, of particulate composites achievable are in the range 

defined by rule of mixtures as follows: 

Upper bound is represented by: 

And lower bound is represented by 

 

where E and V denote elastic modulus and volume fractions respectively while c, m, and p 
represent composite, matrix and particulate phases. A schematic diagram of these bounds is 
shown in the figure 
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Figure- Schematic presentation of rule-of-mixture bounds. 

 
Particulate composites are used with all three material types – metals, polymers and ceramics. 

Cermets contain hard ceramic particles dispersed in a metallic matrix. Eg.: tungsten carbide (WC) 

or titanium carbide (TiC) embedded cobalt or nickel used to make cutting tools. Polymers are 

frequently reinforced with various particulate materials such as carbon black. When added to 

vulcanized rubber, carbon black enhances toughness and abrasion resistance of the rubber. 

Aluminium alloy castings containing dispersed SiC particles are widely used for automotive 

applications including pistons and brake applications. 

 
 

Concrete is most commonly used particulate composite. It consists of cement as binding 

medium and finely dispersed particulates of gravel in addition to fine aggregate (sand) and 

water. It is also known as Portland cement concrete. Its strength can be increased by 

additional reinforcement such as steel rods/mesh. 

 
Fiber-reinforced composites 

 

Most fiber-reinforced composites provide improved strength and other mechanical properties 

and strength-to-weight ratio by incorporating strong, stiff but brittle fibers into a softer, more 

ductile matrix. The matrix material acts as a medium to transfer the load to the fibers, which 

carry most off the applied load. The matrix also provides protection to fibers from external 

loads and atmosphere. 
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These composites are classified as either continuous or discontinuous. Generally, the highest 

strength and stiffness are obtained with continuous reinforcement. Discontinuous fibers are 

used only when manufacturing economics dictate the use of a process where the fibers must 

be in this form. 

The mechanical properties of fiber-reinforced composites depend not only on the properties 

of the fiber but also on the degree of which an applied load is transmitted to the fibers by the 

matrix phase. Length of fibers, their orientation and volume fraction in addition to direction 

of external load application affects the mechanical properties of these composites. 

 

Effect of fiber length: Some critical length (lc) is necessary for effective strengthening and 

stiffening of the composite material, which is defined as: 

 

σ–
*

f ultimate/tensile strength of the fiber, d – diameter of the fiber, τc – interface bond 

strength. Fibers for which l >> lc (normally l >15 lc) are termed as continuous, discontinuous 

or short fibers on the other hand. 

 

 
Structural composites 

These are special class of composites, usually consists of both homogeneous and composite 

materials. Properties of these composites depend not only on the properties of the constituents 

but also on geometrical design of various structural elements. Two classes of these 

composites widely used are: laminar composites and sandwich structures. 

 

Laminar composites: 

There are composed of two-dimensional sheets/layers that have a preferred strength 

direction. These layers are stacked and cemented together according to the requirement. 

Materials used in their fabrication include: metal sheets, cotton, paper, woven glass fibers 

embedded in plastic matrix, etc. Examples: thin coatings, thicker protective coatings, 

claddings, bimetallics, laminates. Many laminar composites are designed to increase 

corrosion resistance while retaining low cost, high strength or light weight. 
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Sandwich structures: 

These consist of thin layers of a facing material joined to a light weight filler material. Neither 

the filler material nor the facing material is strong or rigid, but the composite possesses both 

properties. Example: corrugated cardboard. The faces bear most of the in- plane loading and 

also any transverse bending stresses. Typical face materials include Al- alloys, fiber-

reinforced plastics, titanium, steel and plywood. The core serves two functions 

– it separates the faces and resists deformations perpendicular to the face plane; provides a 

certain degree of shear rigidity along planes that are perpendicular to the faces. Typical 

materials for core are: foamed polymers, synthetic rubbers, inorganic cements, balsa wood. 

Sandwich structures are found in many applications like roofs, floors, walls of buildings, and 

in aircraft for wings, fuselage and tailplane skins. 

 


