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Lecture No.1  

Introduction to Materials Science and Engineering  

1.1 Introduction:   

        Materials science underlies most technological advances. Transportation, 

housing, clothing, communication, recreation, and food production– virtually every 

segment of our everyday lives is influenced to one degree or another by materials. 

Understanding the basics of materials and their applications will help us during the 

design process. In order to be a good designer, you must learn what materials will 

be appropriate to use in different applications.   

  

1.2 Materials Science and Engineering:  

                                      

Materials science involves investigating the relationships that exist between the 

structures and properties, processing, and performance of materials. In materials 

engineering, the focus is on how to translate or transform materials into a useful device 

or structure. Virtually all-important properties of solid materials may be grouped into 

six different categories: mechanical, electrical, thermal, magnetic, optical, and 

deteriorative. Mechanical properties relate deformation to an applied load or force; 

examples include elastic modulus (stiffness), strength, and toughness. For electrical 

properties, such as electrical conductivity and dielectric constant, the stimulus is an 

electric field. The thermal behavior of solids can be represented in terms of heat 

capacity and thermal conductivity. Magnetic properties demonstrate the response of a 

material to the application of a magnetic field. For optical properties, the stimulus is 

electromagnetic or light radiation; index of refraction and reflectivity are representative 

optical properties. Finally, deteriorative characteristics relate to the chemical reactivity 

of materials.  

  

   

1.3 Atomic Structure and the Elements  
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The basic structural unit of matter is the atom. Each atom is composed of a 

positively charged nucleus, surrounded by a sufficient number of negatively charged 

electrons so that the charges are balanced. The number of electrons identifies the atomic 

number.   

Many of the similarities and differences among the elements can be explained 

by their respective atomic structures. The simplest model of atomic structure, called 

the planetary model, shows the electrons of the atom orbiting around the nucleus at 

certain fixed distances, called shells, as shown in Figure 1.1.  

  

Fig.  1.1 Simple model of atomic structure for several elements: (a) hydrogen, (b) 

helium, (c) fluorine, (d) neon, and (e) sodium.  

  

The hydrogen atom (atomic number 1) has one electron in the orbit closest to the 

nucleus. Helium (atomic number 2) has two. Also shown in the figure are the atomic 

structures for fluorine (atomic number 9), neon (atomic number 10), and sodium 

(atomic number 11). One might infer from these models that there is a maximum 

number of electrons that can be contained in a given orbit. This turns out to be correct, 

and the maximum is defined by:   

Maximum number of electrons in an orbit = 2n2  

where n identifies the orbit, with n = 1 closest to the nucleus. The number of 

electrons in the outer most shell, relative to the maximum number allowed, determines 

to a large extent the atom’s chemical affinity for other atoms. These outer-shell 

electrons are called valence electrons. For example, because a hydrogen atom has only 

one electron in its single orbit, it readily combines with another hydrogen atom to form 

a hydrogen molecule H2. For the same reason, hydrogen also reacts readily with various 
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other elements (e.g., to form H2O). In the helium atom, the two electrons in its only 

orbit are the maximum allowed (2n2=2(1)2=2), and so helium is very stable. Neon is 

stable for the same reason: Its outermost orbit (n=2) have eight electrons (the maximum 

allowed), so neon is an inert gas.  

Fluorine has one fewer electron in its outer shell (n = 2) than the maximum 

allowed and is readily attracted to other elements that might share an electron to make 

a more stable set. The sodium atom seems divinely made for the situation, with one 

electron in its outermost orbit. It reacts strongly with fluorine to form the compound 

sodium fluoride, as pictured in Figure 1.2.  

  

Figure 1.2: The sodium fluoride molecule, formed by the transfer of the ‘‘extra’’ 

electron of the sodium atom to complete the outer orbit of the fluorine atom.  

  

1.4The Periodic Table                                                         

All the elements have been classified according to electron configuration in the 

periodic table (Figure 1.3). The periodic table contains a wealth of useful information 

(e.g., atomic mass, atomic number of different elements, etc.). The elements are 

situated, with increasing atomic number, in seven horizontal rows called periods. The 

arrangement is such that all elements arrayed in a given column or group have similar 

valence electron structures, as well as chemical and physical properties. These 

properties change gradually, moving horizontally across each period and vertically 

down each column.  
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Metallic elements occupy the left and center portions of the chart, and nonmetals 

are located to the right. At room temperature and atmospheric pressure, they each have 

a natural phase; e.g., iron (Fe) is a solid, mercury (Hg) is a liquid, and nitrogen (N) is a 

gas.  

In the table, the elements are arranged into vertical columns and horizontal rows 

in such a way that similarities exist among elements in the same columns. For example, 

in the extreme right column are the noble gases (helium, neon, argon, krypton, xenon, 

and radon), all of which exhibit great chemical stability and low reaction rates. The 

halogens (fluorine, chlorine, bromine, iodine, and astatine) in column VIIA share 

similar properties (hydrogen is not included among the halogens). The noble metals 

(copper, silver, and gold) in column IB have similar properties. Generally, there are 

correlations in properties among elements within a given column, whereas differences 

exist among elements in different columns.  

  

Figure 1.3: The periodic table of the elements.   
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 1.5 Iron ores: 

Iron was discovered sometime during the Bronze Age. It was probably 

uncovered from ashes of fires built near iron ore deposits. In the nineteenth century, 

industries such as railroads, shipbuilding, construction, machinery, and the military 

created a dramatic growth in the demand for iron and steel in Europe and America. 

Although large quantities of pig iron could be produced by blast furnaces, the 

subsequent processes for producing wrought iron and steel were slow.  

Iron ores are rocks and minerals from which metallic iron can be economically 

extracted , also, it is the raw materials used to make pig iron, which is one of the main 

raw materials to make steel. About 98% of the mined iron ore is used to make steel   

Iron ore is a combination of iron with oxygen and various other unwanted 

substances, generally known as "gangue. The compounds of iron best suited to smelting 

in a blast furnace are the oxides, although carbonates and silicates are sometimes used. 

There are various types of iron ore, classified chiefly according to iron (Fe) content 

(see Table 1 below). It is evident, then, that from the point of richness, oxides are far 

superior to carbonates and silicates. Table 1: Iron Ore Classification  

Name  Classification  Theoretical Max. Iron 

Content(%)  

Hematite  Fe2O3  70  

Magnetite  Fe3O4  72.4  

Goethite  FeO.OH  62.8  

Siderite  FeCO3  48.3  

  

The impurities in iron ore fines include SiO2, Al2O3, S, P, MgO and CaO, As well as 

varying amounts of components responsible for loss ignition   
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1.6 Engineering materials:  

Most engineering materials can be classified into one of three basic categories 

:(1) metals, (2) ceramics, and (3) polymers. Their chemistries are different, their 

mechanical and physical properties are different, and these differences affect the 

manufacturing processes that can be used to produce products from them. In addition 

to the three basic categories, there are (4) composites-nonhomogeneous mixtures of the 

other three basic types rather than a unique category. The classification of the four 

groups is pictured in Figure 1.4.  

  

Figure 1.4: Classification of the four engineering materials  
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2.1 introduction 

Lecture No.2 

Crystalline Structure

Atoms and molecules are used as building blocks for the more macroscopic 

structure of matter that is considered here and in the following section. When materials 

solidify from the molten state, they tend to close ranks and pack tightly, in many cases 

arranging themselves into a very orderly structure, and in other cases, not quite so 

orderly. Two fundamentally different material structures can be distinguished:(1) 

crystalline and (2) non-crystalline. Crystalline structures are examined in this section. 

Many materials forms into crystals on solidification from the molten or liquid state. 

 

2.1 Fundamental Concepts of Crystalline Structures 

A crystalline structure is one in which the atoms are located at regular and 

recurring positions in three dimensions. The pattern may be replicated millions of times 

within a given crystal. The structure can be viewed in the form of a unit cell, which is 

the basic geometric grouping of atoms that is repeated. 

Lattice means a three-dimensional array of points coinciding with atom 

positions (or sphere centers). A group of one or more atoms, located in a particular way 

with respect to each other and associated with each lattice point, is known as the basis. 

We obtain a crystal structure by adding the lattice and basis (i.e., crystal structure = 

lattice + basis). 

The unit cell is the subdivision of a lattice that still retains the overall 

characteristics of the entire lattice. Unit cells are shown in Figure 3.1a. Thus, the unit 

cell is the basic structural unit or building block of the crystal structure and defines the 

crystal structure by virtue of its geometry and the atom positions within. The most 

common types of unit cells are: 
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• The Faced Centered Cubic (FCC), 

• The Body-Centered Cubic (BCC) And 

• The Hexagonal Close-Packed (HCP). 

In the studying of the crystalline structures, we interest with four parameters: 

1. a/R relationship. 

2. No. of atoms per unit cell. 

3. Coordination number (CN): the number of nearest- neighbor or touching atoms 

that surround specific atom. 

4. Atomic packing factor (APF): it is also called packing efficiency, and represents 

the fraction of atoms volume in a unit cell. 

Table 3.1 presents the crystal structures for the common metals. Three relatively 

simple crystal structures are found for most of the common metals: face centered cubic, 

body-centered cubic, and hexagonal close-packed. 

 

Table 2.1 Crystal structures for the common metals (at room temperature). 
 

 

Figure 2.1 The relationships between the atomic radius and the lattice parameter in 

cubic systems. 
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2.2.1 The Face-Centered Cubic Crystal Structure 

The crystal structure found for many metals has a unit cell of cubic geometry, 

with atoms located at each of the corners and the centers of all the cube faces. It is aptly 

called the face-centered cubic (FCC) crystal structure. Some of the familiar metals 

having this crystal structure are copper, aluminum, silver, and gold (see also Table 

2.2). 

Figure 3.1a shows a hard sphere model for the FCC unit cell, whereas in Figure 

3.1b the atom centers are represented by small circles to provide a better perspective 

of atom positions. The aggregate of atoms in Figure 3.1c represents a section of crystal 

consisting of many FCC unit cells. 

 

Figure 2.2 For the face-centered cubic crystal structure, (a) a hard sphere unit cell 

representation, (b) a reduced-sphere unit cell, and (c) an aggregate of many atoms. 
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These spheres or ion cores touch one another across a face diagonal; the cube 

edge length a and the atomic radius (R) are related through 

a=2R√2 

For the FCC crystal structure, each corner atom is shared among eight-unit cells, 

whereas a face-centered atom belongs to only two. Therefore, one-eighth of each of the 

eight corner atoms and one-half of each of the six face atoms, or a total of four whole 

atoms, may be assigned to a given unit cell. This is depicted in Figure 2.3. 

Two other important characteristics of a crystal structure are the coordination 

number and the atomic packing factor (APF). For metals, each atom has the same 

number of nearest-neighbor or touching atoms, which is the coordination number. 

For face-centered cubic, the coordination number is 12. This may be confirmed 

by examination of Figure 3.3. the front face atom has four corner nearest-neighbor 

atoms surrounding it, four face atoms that are in contact from behind, and four other 

equivalent face atoms residing in the next unit cell to the front, which is not shown. 

The APF is the sum of the sphere volumes of all atoms within a unit cell 

(assuming the atomic hard sphere model) divided by the unit cell volume—that is 

 

For the FCC structure, the atomic packing factor is 0.74, which is the maximum 

packing possible for spheres all having the same diameter. 

 

Figure 2.3 FCC unit cell illustrated. 
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2.2.2 The Body-Centered Cubic Crystal Structure 

Another common metallic crystal structure also has a cubic unit cell with 

atoms located at all eight corners and a single atom at the cube center. This is called a 

body-centered cubic (BCC) crystal structure. A collection of spheres depicting this 

crystal structure is shown in Figure 3.4c, whereas Figures 3.4a and 3.4b are diagrams 

of BCC unit cells with the atoms represented by hard sphere and reduced-sphere 

models, respectively. Center and corner atoms touch one another along cube 

diagonals, and unit cell length a and atomic radius (R) are related through 

 
 

Figure 2.4 For the body-centered cubic crystal structure, (a) a hard sphere unit cell 

representation, (b) a reduced-sphere unit cell, and (c) an aggregate of many atoms. 

 

Figure 2.4 (d) 
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Two atoms are associated with each BCC unit cell: the equivalent of one atom 

from the eight corners, each of which is shared among eight-unit cells, and the single 

center atom, which is wholly contained within its cell. In addition, corner and center 

atom positions are equivalent. The coordination number for the BCC crystal structure 

is 8; each center atom has as nearest neighbors its eight corner atoms. Since the 

coordination number is less for BCC than FCC, so also is the atomic packing factor for 

BCC is 0.68 versus 0.74. Some of the familiar metals having this crystal structure are 

Cr, α-Fe, Mo and other shown in table (2.1). 

 

2.2.2 The Hexagonal Close-Packed Crystal Structure 

Not all metals have unit cells with cubic symmetry; the final common metallic 

crystal structure to be discussed has a unit cell that is hexagonal. Figure 2.5a shows 

a reduced-sphere unit cell for this structure, which is termed hexagonal close-packed 

(HCP); an assemblage of several HCP unit cells is presented in Figure 3.5b.The top 

and bottom faces of the unit cell consist of six atoms that form regular hexagons and 

surround a single atom in the center. Another plane that provides three additional atoms 

to the unit cell is situated between the top and bottom planes. The atoms in this 

midplane have as nearest neighbors’ atoms in both of the adjacent two planes. The 

equivalent of six atoms is contained in each unit cell; one-sixth of each of the 12 top 

and bottom face corner atoms, one-half of each of the 2 center face atoms, and all 3 

midplane interior atoms. If a and c represent, respectively, the short and long unit cell 

dimensions of Figure 3.5a, the c/a ratio should be 1.633; however, for some HCP 

metals this ratio deviates from the ideal value. 
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Figure 2.5 For the hexagonal close-packed crystal structure, (a) a reduced-sphere 

unit cell and (b) an aggregate of many atoms. 

 

Figure 2.5 (c) 

 

The coordination number and the atomic packing factor for the HCP crystal 

structure is the same as for FCC: 12 and 0.74, respectively. The HCP metals include 

cadmium, magnesium, titanium, and zinc; some of these are listed in Table 3.1. 
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2.3 Density Computation 

The theoretical density of a material can be calculated using the properties of 

the crystal structure. The general formula is: 

Density  = 𝑛 𝐴 
𝑉𝐶 𝑁𝐴 

where 

n = number of atoms associated with each unit cell 

A = atomic weight 

VC = volume of the unit cell 

NA = Avogadro’s number (6.022 ×1023 atoms/mol) 

 

 

Example 2.1 

Determine the density of BCC iron, which has a lattice parameter of 0.2866 nm and 

an atomic weight of 55.847 g/mol 

Solution 

For a BCC cell, 

Atoms/cell = 2 

a = 0.2866 nm = 2.866×10-8 cm 

Atomic mass of iron = 55.847 g/mol 

Volume of unit cell = a3 = (2.866×10-8cm)3 = 23.54×10-24 cm3/cell 

Avogadro’s number NA = (6.022 ×1023 atoms/mol) 

Density  = 𝑛 𝐴 
𝑉𝐶 𝑁𝐴 

 = 
(2)×(55.847) 

(23.54×10−24)(6.022×1023) 
= 7.882 g/cm3 

The measured density is 7.870 g/cm3. The slight discrepancy between the theoretical 

and measured densities is a consequence of defects in the material. 
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Example 2.2 

Copper has an atomic radius of 0.128 nm, an FCC crystal structure, and an atomic 

weight of 63.5 g/mol. Compute its theoretical density. 

Solution 

For a FCC cell, 

Atoms/cell = 4 

Atomic weight for copper = 63.5 g/mol 

Since, for FCC unit cells, 𝑎 =  4𝑟/√2 

Volume of unit cell =  𝑎3  =  (4𝑟/√2)3  =  (4 × 1.28 × 10−8/√2)3 

= 47.45×10-24 cm3/cell 

𝜌 =
𝑛𝐴

𝑉𝐶𝑁𝐴
 

 𝜌
 = 

(4) × (63.5) 

(47.45×10−24) (6.022×1023) 
= 8.89 g/cm3  
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Lecture No.3  

Imperfections in Solids 

3.1 Introduction:                                                                  

The arrangement of the atoms or ions in engineered materials contains 

imperfections or defects. These defects often have a profound effect on the properties 

of materials. Consequently, it is important to have a knowledge about the types of 

imperfections that exist and the roles they play in affecting the behavior of materials. 

In this chapter, it has been introducing the three basic types of imperfections: 

point defects, line defects (or dislocations), and surface defects. 

3.2 Point Defects:                                                               

Point defects are disruptions in atomic or ionic arrangements in a crystal 

structure. The Point defects involve: (a) vacancy, (b) interstitial atom, (c) small 

substitutional atom and (d) large substitutional atom as shown in fig. 3.1. 

 

 

Figure 3.1 Point defects: (a) vacancy, (b) interstitial atom, (c) small substitutional 

atom and (d) large substitutional atom. 
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3. 2.1 Vacancies 

Vacancies the simplest of the point defects is a vacancy. A vacancy is 

produced when an atom or an ion is missing from its normal site in the crystal 

structure, as in Figure 3.1(a). All crystalline materials have vacancy defects. The 

necessity of the existence of vacancies is explained using principles of 

thermodynamics; the presence of vacancies increases the entropy (i.e., the 

randomness) of the crystal. Vacancies are introduced into metals and alloys during 

solidification, at high temperatures. 

The equilibrium number of vacancies for a given quantity of material depends 

on and increases with temperature according to 

nv = n exp (
−𝑄𝑣

𝑅𝑇
 )                                                                                                      (3.1) 

where:  

nv: is the number of vacancies per cm3; 

n:  is the number of atoms per cm3; 

Qv:  is the energy required for the formation of a vacancy, in Cal/mol or Joules/mol; 

R:  is the gas constant, 1.987 
𝑐𝑎𝑙

𝑚𝑜𝑙−𝐾
 or 8.31 

𝐽𝑜𝑢𝑙𝑒𝑠

𝑚𝑜𝑙−𝐾
 ; and 

T:  is the temperature in degrees Kelvin. 

Example 3.1 

Calculate the concentration of vacancies in copper at 25C. What temperature will be 

needed to heat treat copper such that the concentration of vacancies produced will be 

1000 times more than the equilibrium concentration of vacancies at room 

temperature? Assume that 20,000 Cal are required to produce a mole of vacancies in 

copper.  The lattice parameter of FCC copper is 0.36151 nm. 

Solution  

The number of copper atoms, or lattice points, per cm3 is: 

n = 
4 atoms cell⁄

(3.6151 × 10−8 cm)3
 = 8.47×1022 copper atom/cm3 

At 25C, T = 25+273 = 298 K: 
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nv = n exp (
−𝑄𝑣

𝑅𝑇
 ) 

= (8.47× 1022 
𝑎𝑡𝑜𝑚

𝑐𝑚3
) exp ( 

−20,000 
𝑐𝑎𝑙

𝑚𝑜𝑙

1.987 
𝑐𝑎𝑙

𝑚𝑜𝑙−𝐾
 × 289 𝐾

 ) 

= 1.815 ×108 vacancies/cm3 

The concentration of vacancies at heat treatment is 1000 times higher than this 

number, or nv = 1.815×1011 vacancies/cm3. 

    The copper must be heating to a temperature at which this number of vacancies 

forms: 

nv = 1.815×1011 = n exp (
−𝑄𝑣

𝑅𝑇
 ) 

                   = (8.47 × 1022) exp (–20,000 / (1.987×T)) 

exp ( 
−20,000 

1.987  × 𝑇
 ) = 

1.815 × 1011

8.47 × 1022
 = 0.214 × 10-11 

−20,000 

1.987 𝑇
 = ln (0.214 × 10-11) = –26.87 

T = 
20,000

(1.987)×(26.87)
 = 375 K= 102C 

Example 3.2 

Determine the number of vacancies needed for a BCC iron crystal to have a density 

of 7.87 g/cm3. The lattice parameter of BCC iron is 2.866 × 10–8 cm, and the atomic 

mass is 55.847 g/mol. 

Solution  

The iron with a density of 7.87 g/cm3 can be produced by intentionally 

introducing vacancies into the crystal. Let’s calculate the number of iron atoms and 

vacancies that would be present in each unit cell for the required density of 7.87 

g/cm3: 

 = 
𝑛 𝐴

𝑉𝐶 𝑁𝐴
 

 = 
(𝑋 atom cell) (55.847g mol)⁄⁄

(2.866 × 10−8 cm)3 (6.02 × 1023 atom mol)⁄
 = 7.87 g/cm3 

X atoms/ cell = 
(7.87)(2.866 × 10−8 )3 (6.02 × 1023)

55.847
 = 1.9971 
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There should be 2.00 – 1.9971 = 0.0029 vacancies per unit cell. The number of 

vacancies per cm3 is: 

Vacancies/ cm3 = 
0.0029 vacancies cell⁄

(2.866 × 10−8 cm)3
 = 1.23 × 1020 

That introduction of vacancies has been assuming does not change the lattice 

constant. 

3.2.2 Interstitial Defects:  

An interstitial defect is formed when an extra atom or ion is inserted into the 

crystal structure at a normally unoccupied position, as in Figure 3.1(b). For example, 

carbon atoms are intentionally added to iron to produce steel. Unlike vacancies, once 

introduced, the number of interstitial atoms or ions in the structure remains nearly 

constant, even when the temperature is changed. 

3.2.2.1 Self-Interstitial: 

Self-interstitial defects are interstitial defects which contain only atoms which 

are the same as those already present in the lattice.  A self-interstitial is an atom from 

the crystal that is crowded into an interstitial site, a small void space that under 

ordinary circumstances is not occupied. This kind of defect is also represented in 

Figure 3.2. In metals, a self-interstitial introduces relatively large distortions in the 

surrounding lattice because the atom is substantially larger than the interstitial 

position in which it is situated.  

 

Figure 3.2 Two-dimensional representations of a self-interstitial. 
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3.2.2.2 Substitutional Defects:  

A substitutional defect is introduced when one atom or ion is replaced by a 

different type of atom or ion as in Figure 3.1(c) and (d). The substitutional atoms or 

ions occupy the normal lattice sites. Substitutional atoms or ions may either be larger 

than the normal atoms or ions in the crystal structure, in which case the surrounding 

interatomic spacings are reduced, or smaller causing the surrounding atoms to have 

larger interatomic spacings. In either case, the substitutional defects alter the 

interatomic distances in the surrounding crystal. Again, the substitutional defect can 

be introduced either as an impurity or as a deliberate alloying addition. 

Examples of substitutional defects include the copper and nickel alloy; copper 

atoms will occupy crystallographic sites where nickel atoms would normally be 

present. The substitutional atoms will often increase the strength of the metallic 

material.  

3.3 Dislocations – Linear Defects                                       

A dislocation is a linear or one-dimensional defects around which some of the 

atoms are misaligned in perfect crystal. They are introduced typically into the crystal 

during solidification of the material or when the material is deformed permanently. 

Dislocations are most significant in metals and alloys since they provide a 

mechanism for plastic deformation, which is the cumulative effect of slip of 

numerous dislocations. Plastic deformation refers to irreversible deformation or 

change in shape that occurs when the force or stress that caused it is removed. This is 

because the applied stress causes dislocation motion that in turn causes permanent 

deformation. Significance of dislocations can be summarized into: 

1. The mechanical properties of a metal or alloy can be controlled by interfering with 

the movement of dislocations. 

2. Dislocations also influence electronic and optical properties of materials. For 

example. There are three types of dislocations: the edge dislocation, the screw 

dislocation, and the mixed dislocation. 
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3.3.1Edge Dislocations:   

The edge dislocation is represented in Figure 3.3: an extra portion of a plane of 

atoms, or half-plane, the edge of which terminates within the crystal. The bottom 

edge of this inserted plane represents the edge dislocation. This is sometimes termed 

the dislocation line which is perpendicular to the plane of the page. Sometimes the 

edge dislocation in Figure 3.4 is represented by the symbol ⊥ which also indicates the 

position of the dislocation line. An edge dislocation may also be formed by an extra 

half-plane of atoms that is included in the bottom portion of the crystal; its 

designation is a T. 

 

 

Figure 3.3 The perfect crystal in (a) is cut and an extra plane of atoms is inserted (b). 

The bottom edge of the extra plane is an edge dislocation (c). A Burgers vector b is 

required to close a loop of equal atom spacings around the edge dislocation. 

 

Figure 3.4 The atom positions around an edge dislocation. 
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3.3.2 Screw Dislocation   

The screw dislocation is formed by a shear stress that is applied to produce the 

distortion shown in Figure 3.5 a: the upper front region of the crystal is shifted one 

atomic distance to the right relative to the bottom portion. The atomic distortion 

associated with a screw dislocation is linear and along a dislocation line, line AB in 

Figure 3.6b. Sometimes the symbol  is used to designate a screw dislocation. 

 

 

Figure 3.5 (a) A screw dislocation within a crystal. (b) The screw dislocation in (a) 

as viewed from above. The dislocation line extends along line AB.  
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3.3.3 Mixed Dislocations  

Most dislocations found in crystalline materials are probably neither pure edge 

nor pure screw, but exhibit components of both types with a transition region 

between them; these are termed mixed dislocations. All three dislocation types are 

represented schematically in Figure 3.6 

 
(a) Schematic representation of a dislocation that has edge, screw, and mixed 

character. 

 
(b) Top view, where open circles denote atom positions above the slip plane, and 

solid circles, atom positions below. 

Figure 3.6    At point A, the dislocation is pure screw, while at point B, it is pure 

edge. For regions in between where there is curvature in the dislocation line, the 

character is mixed edge and screw. 
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3.4 Burger’s vector    

Burger’s vector, the magnitude and direction of the lattice distortion 

associated with a dislocation is expressed in terms of a Burgers vector, denoted by a 

b. Burgers vectors are indicated in Figures 3.4 and 3.5 for edge and screw 

dislocations, respectively. Furthermore, the nature of a dislocation (i.e., edge, screw, 

or mixed) is defined by the relative orientations of dislocation line and Burger’s 

vector. For an edge, they are perpendicular (Figure 3.4), whereas for a screw, they are 

parallel (Figure 3.5); they are neither perpendicular nor parallel for a mixed 

dislocation.  

 The Burgers vector of a dislocation is a crystal vector, specified by Miller 

indices, that quantifies the difference between the distorted lattice around the 

dislocation and the perfect lattice. Equivalently, the Burgers vector denotes the 

direction and magnitude of the atomic displacement that occurs when a dislocation 

moves. To determine the Burgers vector of a dislocation in a two-dimensional 

primitive square lattice, proceed as follows: 

 Trace around the end of the dislocation plane to form a closed loop. Record the 

number of lattice vectors travelled along each side of the loop (shown here by the 

numbers in the boxes): 

 

In a perfect lattice, trace out the same path, moving the same number of lattice 

vectors along each direction as before. This loop will not be complete, and the 

closure failure is the Burgers vector: 
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3.4 Surface Defects                           

Surface defects are boundaries that have two dimensions and normally separate 

regions of the materials that have different crystal structures and/or crystallographic 

orientations. These imperfections include external surfaces, grain boundaries and 

twin boundaries. 

3.4.1 External Surfaces 

One of the most obvious boundaries is the external surface, along which the 

crystal structure terminates. Each atom at the surface no longer has the proper 

coordination number, and is therefore in a higher energy state than the atom at 

interior positions. The bonds of these surface atoms are disrupted give rise to a 

surface energy. The exterior surface may also be very rough, may contain tiny 

notches, and may be much more reactive than the bulk of the material.  

3.4.2 Grain Boundaries 

The microstructure of many engineered ceramic and metallic materials consists 

of many grains. A grain is a crystalline portion of the material within which the 

arrangement of the atoms is nearly identical. However, the orientation of the atom 

arrangement, or crystal structure, is different for each adjoining grain (Figure 3.7). 

The atoms are bonded less regularly along a grain boundary and, consequently, there 

is an interfacial or grain boundary energy similar to the surface energy just described. 

Grain boundaries are more chemically reactive than the grains themselves as a 

consequence of this boundary energy. Furthermore, impurity atoms often 

preferentially segregate along these boundaries because of their higher energy state. 

The total interfacial energy is lower in large or coarse-grained materials than in fine-
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grained ones, because there is less total boundary area in the former. One method of 

controlling the properties of a material is by controlling the grain size. By reducing 

the grain size, the number of grains is increase and, hence, increase the amount of 

grain boundary area.  

 

Figure 3.7 (a) The atoms near the boundaries of the three grains do not have an 

equilibrium spacing or arrangement. (b) Grains and grain boundaries in a stainless-

steel sample. 
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4.1 Introduction 

Lecture No.4 

Solidification of Metals and Alloys 

Solidification involves the transformation of the molten metal back into the solid 

state. The solidification process differs depending on whether the metal is a pure 

element or an alloy. 

 

4.2 Cooling Curve for Pure Metal and Alloy 

A cooling curve shows how the temperature of a material (in this case, a pure 

metal) changes with time (Figure 4.1). The liquid is poured into a mold at pouring 

temperature, point A. The difference between the pouring temperature and the freezing 

temperature is the superheat. The specific heat is extracted by the mold until the liquid 

reaches the freezing temperature (point B). The slope of the cooling curve before 

solidification begins is the cooling rate ∆𝑇. Solidification proceeds isothermally at the 
∆𝑡 

melting temperature (point B to C ) as the latent heat given off from continued 

solidification is balanced by the heat lost by cooling. This region between points B and 

C, where the temperature is constant, is known as the thermal arrest. A thermal arrest, 

is produced because of the evolution of the latent heat of fusion balances the heat being 

lost because of cooling. At point C, solidification is complete and the solid casting 

cools from point C to room temperature. 
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Figure 4.1: Cooling curve for a pure metal. Solidification begins at the melting 

temperature. 

 

A pure metal solidifies at a constant temperature equal to its freezing point, 

which is the same as its melting point. The melting points of pure metals are well 

known. The process occurs over time as shown in the plot of Figure 4.1, called a 

cooling curve. The actual freezing takes time, called the local solidification time in 

casting, during which the metal’s latent heat of fusion is released into the surrounding 

mold. The total solidification time is the time taken between pouring and complete 

solidification. 

 

Figure 4.2: Cooling curve for a pure metal during casting. 

 

After the casting has completely solidified, cooling continues at a rate indicated 

by the downward slope of the cooling curve. 
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Cooling curve for a pure metal that has not been well inoculated. Liquid cools as 

specific heat is removed (between points A and B). Undercooling is thus necessary 

(between points B and C). As the nucleation begins (point C), latent heat of fusion is 

released causing an increase in the temperature of the liquid. This process is known 

as recalescence (point C to point D). Metal continues to solidify at a constant 

temperature (Tmelting). At point E, solidification is complete. Solid casting continues to 

cool from the point. 

Because of the chilling action of the mold wall, a thin skin of solid metal is 

initially formed at the interface immediately after pouring. Thickness of the skin 

increases to form a shell around the molten metal as solidification progresses inward 

toward the center of the cavity. The rate at which freezing proceeds depends on heat 

transfer into the mold, as well as the thermal properties of the metal. 

It is of interest to examine the metallic grain formation and growth during this 

solidification process. The metal which forms the initial skin has been rapidly cooled 

by the extraction of heat through the mold wall. This cooling action causes the grains 

in the skin to be fine and randomly oriented. As cooling continues, further grain 

formation and growth occur in a direction away from the heat transfer. Since the heat 

transfer is through the skin and mold wall, the grains grow inwardly as needles or 

spines of solid metal. As these spines enlarge, lateral branches form, and as these 

branches grow, further branches form at right angles to the first branches. This type of 
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grain growth is referred to as dendritic growth, and it occurs not only in the freezing of 

pure metals but alloys as well. These treelike structures are gradually filled-in during 

freezing, as additional metal is continually deposited onto the dendrites until complete 

solidification has occurred. The grains resulting from this dendritic growth take on a 

preferred orientation, tending to be coarse, columnar grains aligned toward the center 

of the casting. 
 

Figure 4.3: Dendritic Segregation. 
 

Figure 4.4: (A) Phase diagram for a copper– nickel alloy system and (b) associated 

cooling curve for a 50%Ni–50%Cu composition during casting. 

 

Solidification of an alloy can be explained with reference to Figure 4.4, which 

shows the phase diagram for a particular alloy system and the cooling curve for a given 

composition. As temperature drops, freezing begins at the temperature indicated by the 
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liquids and is completed when the solidus are reached. The start of freezing is similar 

to that of the pure metal. A thin skin is formed at them old wall due to the large 

temperature gradient at this surface. Freezing then progresses as before through the 

formation of dendrites that grow away from the walls. However, owing to the 

temperature spread between the liquids and solidus, the nature of the dendritic growth 

is such that an advancing zone is formed in which both liquid and solid metal coexist. 

The solid portions are the dendrite structures that have formed sufficiently to trap small 

islands of liquid metal in the matrix. 

 

4.3 Structure of ingots 

In manufacturing components by casting, molten metals are often poured into 

molds and permitted to solidify. The mold produces a finished shape, known as a 

casting. In other cases, the mold produces a simple shape, called an ingot. An ingot 

usually requires extensive plastic deformation before a finished product is created. A 

macrostructure, sometimes referred to as the ingot structure, consists of as many as 

three parts (Figure 4.5). to describe the structure of a material at a macroscopic scale. 

Hence, the term ‘‘ingot structure’’ may be more appropriate. 

Chill Zone: The chill zone is a narrow band of randomly oriented grains at the surface 

of the casting. The metal at the mold wall is the first to cool to the freezing temperature. 

Columnar Zone: The columnar zone contains elongated grains oriented in a particular 

crystallographic direction. As heat is removed from the casting by the mold material, 

the grains in the chill zone grow in the direction opposite the heat flow, or from the 

coldest toward the hottest areas of the casting. This tendency usually means that the 

grains grow perpendicular to the mold wall. 

Equiaxed Zone: Although the solid may continue to grow in a columnar manner until 

all of the liquid has solidified, an equiaxed zone frequently forms in the center of the 

casting or ingot. These grains grow as relatively round, or equiaxed, grains with a 

random orientation, and they stop the growth of the columnar grains. The formation of 
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the equiaxed zone is a nucleation controlled process and causes that portion of the 

casting to display isotropic behavior. 

 

Figure 4.5: Development of the ingot structure of a casting during solidification: (a) 

Nucleation begins, (b) the chill zone forms, (c) preferred growth produces the 

columnar zone, and (d) additional nucleation creates the equiaxed zone. 



By 
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5.1 Introduction 

➢ The understanding of phase diagrams for alloy systems is extremely important because there is 

a strong correlation between microstructure and mechanical properties. 

➢ The development of microstructure of an alloy is related to the characteristics of its phase 

diagram. 

➢ In addition, phase diagrams provide valuable information about melting, casting, 

crystallization, and other phenomena. 

 

5.2 Definitions & Basic Concepts 

• Solvent represents the element or compound that is present in the greatest amount. 

• Solute is used to denote an element or compound present in a minor concentration. 

• Alloys are combinations or mixtures of elements. Metals are alloyed to improve on properties 

of pure metals such as hardness, strength, corrosion resistance, etc. Alloys may behave 

differently when combined, some mix easily while others will only be soluble to a limited 

extent. Thermal Equilibrium diagrams seek to interpret how alloys combine. 



• Equilibrium diagram illustrating the relationship between the composition, temperature, 

and structure, or state, of any alloy in a series, because there is a strong correlation between 

microstructure and mechanical properties of alloy. 

5.3 Solid Solution 

Solid solution alloy is a phase, where two or more elements are completely soluble in each other 

in the solid state. There are two types of solid solution: 

▪ Substitutional solid solution, or 

▪ Interstitial solid solution. (e.g. Copper-nickel alloy is a solid solution). 
 

 

Figure 5.1: The two main 

types of solid solution: (a) a 

substitutional solid solution, 

(b)  an  interstitial  solid 

solution. 



5.4 Compounds 

• A compound contains atoms of more than one element in a fixed proportion to each other. 

For example, water always has two times more hydrogen atoms than it does oxygen. Moreover, 

the atoms in a compound are joined together by bonds. The atoms have a definite relationship to 

each other in terms of how they are arranged in 

space. 

• Compounds can be chemically broken down into simpler substances (For example, water 

can be separated into two elements, hydrogen and oxygen). 

 
Figure 5.2: The formation 

of water molecules 



5.5 Mechanical mixture 

• A mechanical mixture is one that can be separated through mechanical means, such as a 

magnet or a centrifuge. 

• Mechanical mixtures are not chemically bonded. While mechanical mixtures may be 

attracted to each other, there is no permanent gain or loss of electrons; they do not form 

different molecules. 

• Examples of a mechanical mixture are water with microscopic particles in it is a mechanical 

mixture, as these particles can be removed through filtration. Oil floating on water is a 

mechanical mixture because oil and water do not combine. 

 

 
                                                                      Figure 5.3: The mechanical mixture of water and oil 



  

5.6 Solubility limit 

• For many alloy systems and at some specific temperature, there is a maximum concentration 

of solute atoms that may dissolve in the solvent to form a solid solution; this is called a 

solubility limit. 

• Consider the sugar–water (C12H22O11–H2O) system. Initially, as sugar is added to water, a 

sugar– water solution or syrup forms. 

• As more sugar is introduced, the solution becomes saturated with sugar and sugar simply 

settle to the bottom of the container. 

• Thus, the system now consists of two separate substances: a sugar–water syrup liquid 

solution and solid crystals of undissolved sugar. 



 

Figure 5.4: The solubility of sugar (C12H22O11) in a sugar–water syrup. 



 

5.7 Phases 

• Also critical to the understanding of phase diagrams is the concept of a phase. 

• A phase may be defined as a homogeneous portion of a system that has uniform physical 

and chemical characteristics. 

• Every pure material is considered to be a phase; so also, is every solid, liquid, and gaseous 

solution. 

• For example, the sugar–water syrup solution just discussed is one phase, and solid sugar is 

another. 

• A single-phase system is called homogeneous, systems with two or more phases are 

mixtures or heterogeneous systems. 



5.8 Binary Phase Diagrams 

Binary phase diagram is a temperature-composition map which indicates the equilibrium 

phases present at a given temperature and composition. There are three different types of binary 

equilibrium diagrams: 

1. The two metals are completely soluble in each other in the solid state (binary isomorphous 

system). 

2. The two metals are partially soluble in each other in the solid state (binary eutectic 

system). 

3. The two metals are completely insoluble in each other in the solid state. 



 

Figure 5.5: Copper-Nickel phase equilibrium diagram (binary isomorphous system). 



Three different phase regions on this diagram: 

1. Liquid L is a homogeneous liquid solution composed of both copper and nickel. 

2. The  phase is a substitutional solid solution consisting of both Cu and Ni atoms, and 

having an FCC crystal structure. 

3. Two-phase  + L region at equilibrium. 

5.9 Determination of phase amount (Lever Rule) 

Lastly, we are interested in the relative amounts of each phase present 

in the alloy. These amounts are normally expressed as weight percent (wt %). 

 

1. Locate composition and temperature in diagram. 

2. In two phase regions draw the tie line or isotherm. 

3. Fraction of a phase is determined by taking the length of the tie line to the phase boundary for 

the other phase, and dividing by the total length of tie line. 



• The sum of their mass fractions must be equal to unity 
 

• The mass of one of the components that is present in both of the phases must be 

• equal to the mass of that component in the total alloy 
 



Ex/ For figure above, Calculate the amount of each phase present in 1 kg of a 50 wt.% Ni- 50 

wt.% Cu alloy at a) 1400°C b) 1300°C c) 1200°C. 

Sol/ 

a. At 1400°C, we are in the liquid (L) 

region of the phase diagram. 

Therefore, we have 1 kg of liquid (L). 

b. At 1300°C, we are in the solid + 

liquid (α+L) region of the phase 

diagram. Here we must use the lever 

rule to calculate the mass fraction of 

each phase. 

W  =60−50 × 100 = 67% , W 
= 

50−45 

L 60−45 

× 100 = 33% 

 
 

 60−45 

a.  At 1200°C, we are in the solid (α) 

region of the phase diagram. 

Therefore, we have 1 kg of solid (α). 



5.10 Binary Eutectic system (partially soluble in each other in the solid state) 

• Another type of common and relatively simple phase diagram found for binary alloys is 

shown in Figure 8.3 for the copper–silver system; 

• this is known as a binary eutectic phase diagram. A number of features of this phase diagram 

are important and worth noting. 

• First of all, three single-phase regions are found on the diagram 
 

 

➢ 𝛂, β, and liquid. The 𝛂 phase is a solid solution rich in copper; it has silver as the solute 

component and an FCC crystal structure. 

➢ The β phase solid solution also has an FCC structure, but copper is the solute. 

➢ The 𝛂 and β phases are considered to include pure copper and pure silver, respectively. 



 

Figure 12.6 The copper–silver phase diagram. 



Ex/ For the lead–tin alloy calculates the relative amount of each phase present in terms of 

mass fraction at150 0C. 

 

Sol/ 

(a) Since the alloy consists of two phases, 

it is necessary to employ 

(b) the lever rules. If C1 denotes the 

overall alloy 

(c) composition, mass fractions may 

(d)  be computed by subtracting 

compositions, in terms of weight 

percent tin, as follows: 
 



5.11 Binary Eutectoid system 

➢ In addition to the eutectic, other invariant points involving three different phases are found for 

some alloy systems. 

➢ One of these occurs for the copper–zinc system at 560 0C (1040 0F) and 74 wt% Zn–26 wt% Cu. 

➢ Upon cooling, a solid δ phase transforms into two other solid phases (γ and e) according to the 

reaction the reverse reaction occurs upon heating. It is called a eutectoid (or eutectic like) 

reaction. 

 

 

5.12 Binary peritectic system 

➢ The peritectic reaction is yet another invariant reaction involving three phases at equilibrium. 

➢ With this reaction, upon heating, one solid phase transforms into a liquid phase and another 

solid phase. 

➢ A peritectic exists for the copper–zinc system (Figure 8.7, point P) at 5980C (11080F) and 78.6 

wt% Zn–21.4 wt% Cu; this reaction is as follows: 



 

Figure 5.7 A region of the copper–zinc phase diagram that has been enlarged to show eutectoid and 

peritectic invariant points, labeled E (5600C, 74 wt% Zn) and P (5980C, 78.6 wt% Zn), respectively. 























































Q1: What are the essential medical and functional requirements to consider when selecting a material for 

prosthetic limbs?

Q2: Describe the main medical and prosthetic applications of: a)316L Stainless Steel, b) Cobalt-Chrome, 

c) Titanium, and d) Nitinol, and explain why each material is suitable for its specific application.

Q3: Explain the shape memory effect in Nitinol (TiNi). Then, with the aid of a drawing, show the 

difference between the super-elastic curve of Nitinol and the curve of a normal metal.


