DEPARTMENT OF MECHANICAL ENGINEERING ATMECE, MYSURU

Module-1

Introduction to Crystal Structure

Objectives:
To learn and understand the concepts of
» Crystal structures and its types
» Importance of coordination numbers
« Imperfection in crystals & types
+ Diffusion process
+ Fick’s diffusion law
+ Factors affecting diffusion.
Out Comes:

Based on different types of crystal structure, a student can understand why some of the materials
are strong, and also the relationship between structure and property,
Introduction

One of the ways to classify engineering materials is based on their nature. Such a type of classification
is given below.
I.  Metals and alloys: - Cast irons, Steels, Al, Copper, Silver, Gold etc
ii.  Ceramics and Glasses: - MgO, ZnO, SiC, Silica, Concrete, Cement etc
iii.  Polymers: - Plastics-polyethylene, PVC, PTFE, Epoxy, Polyester etc
Each of the above group materials has their own sets of properties. Every engineering material is actually
known by its properties. Some of the important properties of materials are
Mechanical: strength, hardness, ductility, malleability, toughness, resilience, creep, fatigue.
Physical: shape, size, density, porosity, color.
Chemical: Acidity, alkalinity, composition, corrosion resistance, atomic number, molecular weight.
Electrical: Conductivity, resistivity, dielectric constant, Thermal:
Specific heat, thermal conductivity, refractoriness Aesthetic: Feel,

texture, appearance, luster.
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All the above properties are related structure of the material.

Crystal structure is one of the most important aspects of materials science and engineering as many
properties of materials depend on their crystal structures. The basic principles of many materials
characterization techniques such as X-ray diffraction (XRD), Transmission electron microscopy (TEM)

are based on crystallography. Therefore, understanding the basics of crystal structures is of paramount
importance.

Space lattice

» A space lattice can be defined as a three-dimensional array of points, each of which has identical
surroundings.
« Ifthe periodicity along a line is a, then position of any point along the line can be obtained by a

simple translation, ru = ua.

« Similarly ryy=Ua + Vp will repeat the point along a 2D plane, where u and v are integers.

Hii

Symmetry refers to certain pattern or arrangement. A body is symmetrical when it is reproduced by

Symmetry
certain operation.

In the picture below the plane looks identical after a 900 rotation. The plane has 4-fold rotation symmetry

as it repeats itself 4 times (shown by the red dot) in a full 3600 rotation.

./9_0\: /;.? /;? @‘

Crystal Systems
The space lattice points in a crystal are occupied by atoms. The position of any atom in the 3D lattice can

be described by a vector ruvw= ua + vb + wc, where u, v and w are integers. The three-unit vectors, a, b,
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c can define a cell as shown by the shaded region in Fig.(a) This cell is known as unit cell (Fig. b) which
when repeated in the three dimensions generates the crystal structure.
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" Unit Cell
Crystal Systems

Bravais Lattice
The unit vectors a, b and c are called lattice parameters. Based on their length equality or inequality and

their orientation (the angles between them, a,  and y) a total of 7 crystal systems can be defined. With
the centering (face, base and body centering) added to these, 14 kinds of 3D lattices, known as Bravais

lattices, can be generated.

Cubic:a=b=c,o=p =y =90°

7

Simple Body-centered ~ Face-centered
cubic cubic (BCC) cubic (FCC)

Tetragonal: a=b=c, a=p=v=90°

Simple
Tetragonal

Body-centered
Tetragonal (BCT)
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Orthorhombic:a#b2c, a=pg=vy=90°

Simple Body-centered Base-centered Face-centered

Monoclinic:a#b#c,a=y=90°= 3

Simple Base-centered

monoclinic

Rhombohedral  Hexagonal Triclinic
a=b=c¢ a=b=zc a;eb;:f; s
a=ﬁ="{$90° U':B=90°'f=120° axEPry#

Crystal system Example

Triclinic KzSzO..KszzO"

Monoclinic As,S,, KNO,,.CaS0O,.2H,0O, A4S
Rhombohedral Hg, Sb, As, Bi, CaCO,
Hexagonal Zn, Co, Cd, Mg, Zr, NiAs
Orthorhombic Ga, Fe.C, &S

Tetragonal In, TIO,, £-Sn

Cubic Au, Si, Al, Cu, Ag, Fe, NaCl

Point Coordinates

Position of any point in a unit cell is given by its coordinates or distances from the X, y and z axes in
terms of the lattice vectors a, b and c. Thus the point located at a/2 along x axis, b/3 along y axis and c/2

along z axis, as shown in the figure below, has the coordinates 1/2 1/3 1/2.
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Coordination number is the number of nearest neighbor to a particular atom in the crystal

In the FCC lattice each atom is in contact with 12 neighbor atoms. FCC coordination number Z=12
Coordination number is the number of nearest neighbors to a particular atom in the crystal.

For example, the face centered atom in the front face is in contact with four corner atoms and four other
face-centered atoms behind it (two sides, top and bottom) and is also touching four face-centered atoms
of the unit cell in front of it.

The coordination number of BCC crystal is 8. Coordination number the body centered atom is in contact
with all the eight corner atoms. Each corner atom is shared by eight-unit cells and hence, each of these
atoms is in touch with eight body centered atoms.

In Hexagonal lattice Z = 12. The center atom of the top face is in touch with six corner atoms, three atoms

of the mid layer and other three atoms of the mid layer of the unit cell above it.

o
]

Atomic packing factor (APF) or packing efficiency indicates how closely atoms are packed in a

unit cell and is given by the ratio of volume of atoms in the unit cell and volume of the unit cell

Volme of atoms

APF = .
Volume of unit cell

Atomic Packing Factor (APF):
FCC lattice

In the FCC unit cell effective number of atoms = 8 corner atoms x (1/8) (each atom is shared by 8 unit
cells) + 6 face centered atoms x1/2 (each shared by two unit cells) = 4.
The corner atom C is shared by unit cells 1, 2, 3, 4 and four more in front of each of them. The face-

centered atom, F is shared between cells 1 and 2.
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Considering the atoms as hard spheres of radius R

Total volume of atoms = 4><%7ZR3

The relation between R and the FCC cell side a as shown in the figure below is V2a = 4R

4xi .
378 16x2\27 4

. —=0.74
a 3x64a

APF(FCC) =

Body Centered Cubic
For BCC crystals effective number of atoms per unit cell is 8 x 1/8 + 1 = 2 and the relation between R

and ais
V3a=4R

~

\\‘/J}

fe
=4R

4
2x—rm R

8x 337 4’
APF(BCC)=—3_ =2XV°7a
a 3x64a

=0.68

Hexagonal lattice

In the Hexagonal unit cell, number of atoms = 12 corner atoms x 1/6 (shared by six unit cells) + Two face
atoms x 1/2+ 3 interior = 6.

2R=a

Unit cell volume = (6 x %2 x ax h) x ¢ = (3 x a x asin60%) x ¢ = 3a2 ¢ sin60°

A
A JF T~
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Types of Lattice Defects/ Crystal Imperfections:

* Point defects

* Line defects

« Surface defects

* Volume defects

Point defects

Vacancy — An atom missing from regular lattice position. Vacancies are present invariably in all
materials.

Interstitialcy — An atom trapped in the interstitial point (a point intermediate between regular lattice
points) is called an interstitialcy.

An impurity atom at the regular or interstitial position in the lattice is another type of point defect.
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Vacancy Interstitialcy Impurity

Point defects
In ceramic materials point defects occur in pair to maintain the electro neutrality. A cation-vacancy and

a cation-interstitial pair is known as Frenkel defect. A cation vacancy-anion vacancy pair is known as a
Schottky defect.

Frenkel defect

Line defects-Dislocations

Schottky defect

» Dislocation is the region of localized lattice distortion which separates the slipped and unslipped
portion of the crystal.

« The upper region of the crystal over the slip plane has slipped relative to the bottom portion. The
line (AD) between the slipped and unslipped portions is the dislocation.

« The magnitude and direction of slip produced by dislocation (pink shaded) is the Burger vector,
b, of the dislocation.

Material Science and Engg. 7 BME303



DEPARTMENT OF MECHANICAL ENGINEERING ATMECE, MYSURU

1
1
1
1
1 I? ==4»C
1 ’/
1
’
,)__/‘ e A
L4
/’, i
L’ b Slip
’ Lz vector
B
22 A -~
’
s
’

Edge Dislocations
In one type of dislocations, the Burger vector is perpendicular to the dislocation line and the distortion

produces an extra half-plane above the slip plane.
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Screw Dislocations
The other type of dislocation is the screw dislocation where the Burger vector is parallel to the

dislocation line (AD).

The trace of the atomic planes around the screw dislocation makes a spiral or helical path (pink
shade) like a screw and hence, the name.

« Atomic positions along a screw dislocation are represented in Fig. (b)
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Burger Circuit

The Burger vector can be found by the gap in the Burger circuit which is obtained by moving equal

distances in each direction around the dislocation.

Dislocation movement and deformation
» The theoretical shear stress to produce plastic deformation in metals, =G /2
* G, the shear modulus for metals is in the range of = 20 -150 GPa yielding =3 - 30 GPa
» However, actual measured values of =0.5-10 MPa.
« This discrepancy can be explained by the presence of dislocations in the lattice.
Dislocation movement
» Dislocations move in steps. The edge dislocation at P moves to Q in steps as depicted by the red
(half-plane) and blue atoms. This movement is analogous to movement of a caterpillar.
* When the half-plane reaches a free surface, it produces a slip step.
« Edge dislocations can move only on the slip plane while screw dislocations do not have a fixed
glide plane.
« Since plastic deformation takes place by movement of dislocations, any hindrance to their motion
will increase the strength of metals.
» Dislocations assist in plastic deformation since it is easier to move the atoms at the dislocations
core.
« The movement of dislocations produces a slip step of one Burger vector or one interatomic
distance.

Shp plane
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Observing dislocations
Dislocations appear as lines when observed under transmission electron microscope (TEM)

Surface Defects
+ Most crystalline solids are an aggregate of several crystals. Such materials are called
polycrystalline.

« Each crystal is known as a grain. The boundary between the grains is the grain boundary (the

irregular lines in Fig.a)
« A grain boundary is a region of atomic disorder in the lattice only a few atomic diameter wide.

« The orientation of the crystal changes across the grain boundary as shown schematically in Fig.

b.
« Grain boundaries act as obstacles to dislocation motion. Hence, presence of more grain boundaries

(finer grain size) will increase the strength.

Grain
7 boundaries
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(a) Optical m!crograph.of change across the grain

a polycrystalline material boundary

Bulk or volume defects

* Porosity

* Inclusions

* Cracks

These defects form during manufacturing processes for various reasons and are harmful to the material.

Bulk defects
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« Casting blow holes, porosity — Gas entrapment during melting and pouring. Improper welding
parameters/practice
» Shrinkage cavity due to improper risering
* Non-metallic inclusions — Slag, oxide particles or sand entrapment
« Cracks — Uneven heating/cooling, thermal mismatch, constrained expansion/contraction all
leading to stress development
Weld defect / Casting defect

_ _ Weld defect Casting defect Shrinkage cavity
Diffusion

Diffusion Phenomena
» Diffusion is a process of mass transport by atomic movement under the influence of thermal
energy and a concentration gradient.
« Atoms move from higher to lower concentration region.
« If this movement is from one element to another e.g. Cu to Ni, then it is termed inter-diffusion. If
the movement is within similar atoms as in pure metals, it is termed self-diffusion.

Diffusion Mechanism

Diffusion of atoms involves movement in steps from one lattice site to the another. An empty adjacent
site and breaking of bonds with the neighbor atoms are the two necessary conditions for this.

Vacancy Diffusion

This mechanism involves movement of atoms from a regular lattice site to an adjacent vacancy. Since

vacancy and atoms exchange position, the vacancy flux is in the opposite direction.
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Diffusion Mechanism-Interstitial Diffusion
» This mechanism involves migration of atoms from one interstitial site to a neighboring empty
interstitial site.
» This mechanism is more prevalent for impurity atoms such as hydrogen, carbon, nitrogen, oxygen
which are small enough to fit in to an interstitial position.

« For substitutional diffusion atoms exchange their places directly or along a ring (ring diffusion

Interstitial Y X X )
00060 atom 0
©00060 .

mechanism).

Interstitial Diffusion

Steady-state diffusion is the situation when the diffusion flux is independent of time (e.g. diffusion of a
gas through solid medium where concentration/pressure of the gas is kept constant at both the end).

Fick’s first law Describes steady-state diffusion and is given by

J—_pac
ax

Where, J is the diffusion flux or the mass transported per unit time per unit area and dC/dx is the
concentration gradient. D is known as the diffusion coefficient.
Fick’s Second Law Non- Steady state diffusion

In most practical situations, diffusion is non-steady state i.e. diffusion flux and concentration gradient

vary with time. This is described by Fick’s second law.
~2
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Factors affecting

Diffusing species

The magnitude of the diffusion coefficient, D, is an indication of the rate at which atoms diffuse. As the
value of D is fixed for a given element in a given material, the extent of diffusion is first decided by the
diffusing species itself.

Temperature

Temperature is a major factor which affects diffusion.

Temperature dependence of the diffusion coefficient is expresses as

D = Do exp(—%)

Where, Do is the pre-exponential factor and the Q is the activation energy for diffusion
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Summary

Atomic arrangements in crystalline solids can be described by a network of lines called a space lattice. In

metals most common crystal structure unit cells are BCC, FCC, and HCP. Crystal imperfections are

present in all real crystalline materials. Dislocations occur in metal crystals and are created during

solidification process. Grain boundaries are surface imperfections in metals created by crystals of

different orientation meeting each other during solidification. Atomic diffusion occurs in metallic solids

mainly by vacancy or substitutional mechanism and interstitial mechanism. Fick’s first law and second

law states about the dependency of rate of diffusion on temperature, concentration.

Questions

1.

© N o a k~ w N

10.

11.
12.

13.

14.

15.

Explain APF, coordination number, space lattice, unit cell, vacancy, interstialcy, schottky defect,
Frankel defect, lattice parameters.

Calculate the packing efficiency of a BCC structure.

Define diffusion. What are the factors affecting diffusion.

How do you distinguish between steady state and non-steady state diffusion?

Discuss the principal types of point defects found in crystals. Explain their significance.
Calculate atomic radius and packing factor for BCC structure.

State and explain the first Fick’s law of diffusion.

Sketch the unit cell of HCP crystal structure. Calculate no of atoms per unit cell. Derive an
expression for the density of atomic packing. Given C =1.633a.

Calculate the packing efficiency of a FCC structure.

Discuss the role of dislocation in metals. Differentiate between screw and edge dislocations with
sketches.

Explain point line and surface imperfections
Copper has a atomic radius of 1.28 X 108 cm, an FCC crystal structure and an atomic weight of

63.5. Calculate its density.
The unit cell of chromium is cubic and contains 2 atoms. Determine the dimensions of the

chromium unit cell. [Given: atomic weight of Cr = 52 and density of Cr = 7.19mgm'3].

Copper has an FCC structure and an atomic and a n atomic radius of 0.1278mm. Calculate its density.

Atomic weight of Cu =63.54. Avogadro number is = 0.602 X 10%4
Calculate the diffusion rate of carbon in iron at 700° C. assuming the constants A = 4.9x 107

m?/s and E = 153.2KJ/mol.
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16. Nickel has FCC structure with a lattice parameter of 0.352nm. What is the value of atomic radius
in nanometers?

17. Iron has an atomic radius of 0.124nm, BCC structure and an atomic weight of 55.85g/mol.
Calculate its density.
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MODULE-2
Physical Metallurgy

OBJECTIVES:
To learn and understand about

Alloy system, Phase diagram and atomic diffusion

Alloys, Steels, Solidification:

Objectives:

e To learn and understand the concepts of solidification

e Solid Solution and types

e Phase and phase equilibrium

¢ Nucleation and types of nucleation

e Crystal growth

e Phase diagrams
Out Comes
The student should be able to understand the mechanism of solidification
Introduction
The solidification of metals and alloys is an important industrial process since most metals are melted
and then cast in to a semi-finished or finished shape. When molten metals are cast, solidification starts
at the walls of the mould as it is being cooled. The solidification of alloy takes place not at a specific
temperature but over a range of temperatures. While the alloy is in this range, it has a pasty form that
consists of solid, tree like structures called dendritesand liquid metals. The size and shape of the dendrites
dependson the cooling rate. The study of dendrites is important because they influence compositional
variations, porosity and segregation and therefore properties.
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.
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Solubility limit — foralmost 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 refersto the set of conditionswhere 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 characteristics of the microstructure,

phases present and their compositions, relative phase amounts and their spatial arrangement or distribution.

Kinetics of nucleation and growth

Structural changes in metallic systems usually take place by nucleation and growth whether it is just a
phase change within one of the three states, or a simple structural rearrangement within a single phase,

or a phase transformation. An equilibrium phase diagram presents the phases and phase changes expected

under equilibrium conditions, but it provides no information about the rates of transformation. Although

changes in pressure, composition, or temperature can cause phase transformations, it is temperature
changes that are more important. From a micro structural standpoint, the first process to accompany a
phase transformation is nucleation (i.e. the formation of very small particles or nuclei of the product

phase from the parent phase) of the new phase particles which are capable of growing. The second stage
is growth, in which the nucleated particles increase their size. The transformation reaches completion if

growth of these new phase particles is allowed to proceed until the equilibrium fraction is attained.

Both nucleation and growth require that the accompanying free energy change be negative.

Consequently, the super-heating or super-cooling that is necessary for a phase change is to be expected.

That is a transformation cannot take place precisely at the equilibrium transformation

temperature because at that temperature free energies of phases are equal. In addition to temperature, two
other factors that affect transformation rate — first, diffusion-controlled rearrangement of atoms because
of compositional and/or crystal structural differences; second, difficulty encountered in nucleating small
particles via change in surface energy associated with the interface. Diffusion limits both the nucleation
and growth rates in many cases.

With the nucleation of new particle, new interface is created betweenthe particle and liquid. This interface
will have positive energy that must be supplied during the transformation process. A tiny particle has a
large surface area to volume ratio and therefore be unstable. Thus energy of the surface can effectively

prevent the initial formation of a tiny particle. A particle said to have nucleated when it becomes stable
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and will not disappear due to thermal fluctuations. After a particle attained a critical size, it can grow
further with a continuous decrease in energy. The surface energy is no longer a dominant factor in the
growth process.

Nucleation

Homogeneous nucleation, the probability of nucleation occurring at any given site is identical to that
at any other site within the volume of the parent phase. When a pure liquid metal is cooled below its
equilibrium freezing temperature to a sufficient degree, numerous homogeneous nuclei are created by slow -
moving atoms bonding together. Homogeneous nucleation usually requires a considerable amount of under
cooling (cooling a material below the equilibrium temperature for a given transformation without the
transformation occurring). Under cooling enhances the formation of nuclei that eventually grow. If f is the

free energy change accompanying the formation of a spherical new phase particle,

4 ,
Af = ?727'3Ag +4my

where r is the radius of the particle, g is the Gibbs free energy change per unit volume and v is the surface
energy of the interface.

Heterogeneous nucleation, the probability of nucleation occurring at certain preferred sites is much
greater than that at other sites. During solidification, inclusions of foreign particles (inoculants), walls of
container holding the liquid provide preferred sites. Irregularities in crystal structure such as point defects and
dislocations possess strain energy. In solid-solid transformation, foreign inclusions, grain boundaries,
interfaces, stacking faults and dislocations can act as preferred sites for nucleation as the strain energy
associated with them will be reduced. The released strain energy can reduce the energy requirements for free
energy change, f. Therefore, nucleation proceeds with a smaller critical radius. A majority of reactions are

initiated by some type of heterogeneous nucleation which is common among the two types.
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Figure-: Schematic of heterogeneous nucleation.
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Crystal Growth

Many transformations occur as a result of continuous formation of critical nuclei in the parent phase and
the subsequent growth of the particles. Growth is the increase in size of the particle after it has nucleated
i.e. growth kinetics become important once an embryo has exceeded the critical size and become a stable
nucleus.

Growth may proceed in two radically different manners. In one type of growth, individual atoms move
independently from the parent to the product phase, thus it is diffusion controlled and is thermally
activated. In the other type of growth that occurs in solid-solid transformations many atoms move
cooperatively without thermal assistance. Growth that is diffusion controlled is more common the other.
Growth usually occurs by the thermally activated jump of atoms from the parent phase to the product
phase. The unit step in the growth process thus consists of an atom leaving the parent phase and jumping
across the interface to join the product phase. At the equilibrium temperature, both phases have the same
free energy, hence the frequency of jumps from parent phase to product phase will be equal to that from
product phase to parent phase i.e. the net growth rate is zero. At lower temperatures, product phase is
expected to have lower free energy, and thus a net flow of atoms from parent phase to product phase. This
net flux of atoms results in interface motion i.e. growth rate is taken as the rate of increase of a linear
dimension of a growing particle. As a function of temperature, the growth rate first increases with
increasing degree of super cooling, but eventually slows-down as thermal energy decreases. This is same
as for nucleation; however, the maximum in the growth rate usually occurs at a higher temperature than

the maximum in the nucleation rate.

Solid Solution

When two metals are mixed together, they form an alloy if one metal is soluble in the other one in solid

state. Therefore, an alloy is a solid solution of two or more metals.

Primarily there are two types of solid solutions -

Substitutional — Solute atoms occupy the regular lattice sites of the parent metal (solvent).
Substitutional solid solutions can be random (Cu-Ni) or ordered (Cu-Au).

Interstitial — Solute atoms occupy the interstitial positions (Steel — C solute atoms in Fe)
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Random substitutional Ordered substitutional Interstitial

Hume-Rothery Rules
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Formation of substitutional solid solutions between two metals is governed by a set of rules known as
Hume-Rothery rules
e Size difference between the atoms of solute and the parent metal should be less than 15%.
e The electro negativity difference between the metals should be small (minimum chemical affinity
to each other).
e The solubility of a metal with higher valence in a solvent of lower valence is more compared to
the reverse situation e.g. Zn is much more soluble in Cu than Cu in Zn.
e For complete solubility over the entire range of compositions the crystal structures of the solute

and the solvent must be the same.

Phase

e A phase can be defined asa physically distinct and chemically homogeneous portion of a system that
has a particular chemical composition and structure.
e Water in liquid or vapor state is single phase. Ice floating on water is an example two phase system.
Gibbs Phase rule

The number of degrees of freedom, F (no. of independently variable factors), number of components, C,

and number of phases in equilibrium, P, are related by Gibbs phase rule as

F=C-P+2

Number of external factors = 2 (pressure and temperature).

For metallurgical system pressure has no appreciable effect on phase equilibrium and hence,
F=C-P+1

Phase Diagrams

One component system

The simplest phase diagram is the water which is a one component system. It is also known as pressure-

temperature or P-T diagram. Two phases exist along each of the three phase boundaries. At low pressure

(0.006 atm) and temperature (O.OlOC) all the three phases coexist at a point called triple point.
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o Pressure (atm)
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Fig. Water Phase Diagram
Binary Phase diagrams
A binary phase is a two-component system. Binary phase diagrams are most commonly used in alloy
designing.

The simplest binary system is the Cu-Ni which exhibits complete solubility in liquid and solid state.
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Fig: Cu-Ni Equilibrium Phase Diagram

« The line above which the alloy is liquid is called the liquidus line. At temperature just below this
line crystals of a solid solution start forming.

« The line below which solidification completes is called solidus line. Hence, only a solid solution
exists at any temperature below the solidus line.

« The intermediate region between liquidus and solidus lines is the two-phase region where liquid
and solid coexists.

« Itcan be noted that the two metals are soluble in each other in the entire range of compositions in

both liquid and solid state. This kind of system is known as ‘Tsomorphous’ system.
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The Tie line:
« The composition of phases in the two-phase region is not same.

e To find the composition of the individual phases in the two-phase region, a horizontal line (XY),
called tie line, is drawn and its intercepts on the liquidus and solidus lines, Cl and Cs, are taken as

the composition of the liquid and solid respectively.

Temperature

A Ci Cs B
Composition (Wt.% B)
Fig: metal A-metal B Equilibrium Phase Diagram
Lever rule
The relative fractions of the phases at a given temperature for an alloy composition Co is obtained by the
lever rule. This rule gives the fraction of a phase by the ratio of the lengths of the tie line between Co and

composition of the other phase to the total length of the tie line. For example, fraction solid, fs is given

by

_MX  Co-C
XY Ca—O
L
§ . Al “j Similarly fraction liquid, f,
% N ;MY _CiC
bl XY Cs-Ci

A
A C Co Cs B
Composition (Wt.% B)

Phase diagrams- Limited solubility:

Not all metals are completely soluble in each other. Distinctions can be made between two types of solid
solutions with limited solubility — (i) Eutectic and (ii) Peritectic.

When the melting points of two metals are comparable, a eutectic system forms while a peritectic results
when melting points are significantly different.

A eutectic reaction is defined as the one which generates two solids from the liquid at a given temperature

and composition, L — a +

Material Science and Engg. 21 BME303



DEPARTMENT OF MECHANICAL ENGINEERING ATMECE, MYSURU

Peritectic is Liquid + Solid 1 — Solid 2 (L + a—p)

In both the cases three phases (two solids and a liquid) coexist and the degrees of freedomF=2 -3+ 1
= 0. This is known as invariant (F = 0) reaction or transformation.

Eutectic Phase diagram

Temperature —s

A% 20 40 60 80 ‘B
Wt.% B

Fig. Two metals are completely soluble in liquid state and partially soluble in solid state.

Three phases (L+a+p) coexist at point E. This point is called eutectic point or composition. Left of E is
called hypoeutectic whereas right of E is called hypereutectic.

A eutectic composition solidifies as a eutectic mixture of aand B phases. The microstructure at room
temperature (RT) may consist of alternate layers or lamellae of a andp.

In hypoeutectic alloys the o phase solidifies first and the microstructure at RT consists of this o phase
(called pro eutectica) and the eutectic (a+p) mixture. Similarly, hypereutectic alloys consist of pro-
eutectic and the eutectic mixture. The melting point at the eutectic point is minimum. That’s why Pb-Sn
eutectic alloys are used as solders. Other eutectic systems are Ag-Cu, Al-Si, Al-Cu.

Peritectic Phase diagram

L +a—p. Analloy cooling slowly through the peritectic point, P, the a phase will crystallize first just
below the liquidus line. At the peritectic temperature, Tp all of the liquid and o will convert top. Any
composition left of P will generate excess o and similarly compositions right of P will give rise to an

excess of liquid.
Peritectic systems — Pt - Ag, Ni - Re, Fe - Ge, Sn-Sb (babbit).
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Temperature =
!

Wt.%B —s B

Phase diagrams with intermediate phases

Binary system can have two types of solid solutions/phases — terminal phases and intermediate phases.
Terminal phases occur near the pure metal ends, e.g. a and 3 phases in the eutectic system. Intermediate
phases occur inside the phase diagram and are separated by two-phase regions. The Cu-Zn system
contains both types of phases. o and n are terminal phases and B, y, & and ¢ are intermediate phases.
Intermediate phases form in ceramic phase diagrams also. For example, in the Al203— SiO2 system an

intermed iate phase called mullite (3A1203.2Si0>) is formed.

Intermediate phases - Cu-Zn Phase diagramnr

1200

Liquid

1000

Temperature (°C)

1 N i H ia L

20 40 60 80 100
i Wt.% Zn .

Cu-Zn phase diagram. a and n are terminal phases and

B, v, 8 and & are intermediate phases.

Summary

The solidification of alloy takes place not at a specific temperature but over a range of
temperatures. While the alloy is in this range, it has a pasty form that consists of solid, tree like structures
called dendrites and liquid metals. Formation of substitutional solid solutions between two metals is
governed by a set of rules known as Hume-Rothery rules. The relative fractions of the phases at a given

temperature for an alloy composition are obtained by the lever rule. A eutectic reaction is defined as the
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one which generates two solids from the liquid at a given temperature and composition, L — a +p.
Peritectic is Liquid + Solid 1 — Solid 2 (L +a—p)

In both the cases three phases (two solids and a liquid) coexist and the degrees of freedomF=2 -3+ 1
= 0. This is known as invariant (F = 0) reaction or transformation.
Questions:
1. Define nucleation. Derive an expression for the critical size of the nucleus for homogeneous
nucleation.
2. State and explain Gibb’s phase rule. How it can be applied to a unary phase diagram? Show that
degrees of freedom at triple point are zero.
3. Describe the solidification mechanism in pure metal. Distinguish between homogeneous and
heterogeneous nucleation.
4. Discuss the factors worked out by Hume-Rothery that governs the formation of an ideal solid
solution.
What are the different types of solidification?
Explain with neat sketches the different stages of mechanisms of solidification.
Define solid solution. Explain substitutional and interstitial solid solution.

Explain the factors governing the formation of substitutional solid solution.

© o N o O

With the help of cooling curves explain the solidification of pure metal and binary eutectic alloy
10. A binary alloy A-50% B contains at a particular temperature two solid phases o and B are 5% B

and 95% B respectively. calculate the amount of o .and B in the alloy.

IRON CARBON DIAGRAM:

Objectives:
e To construct equilibrium diagrams involving complete and partial solubility,
e To understand lever rule
e To understand Iron carbon equilibrium diagram description of phases,
e To know solidification of steels and cast irons invariant reactions.
Outcomes:
Student can better understand the phase diagrams those are important to design and control of heat-
treating process and to obtain desirable microstructures.
Introduction
A phase in a material is a region that differsin its microstructure and /or composition from another region.

Phase diagrams are graphical representations of what phases are present in a materials system at various
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temperatures and pressures and compositions. Most phase diagrams are constructed by using equilibrium
conditions and used by engineers and scientists to understand and predict many aspects of the behaviour

of materials.

The Iron-Iron Carbide (Fe—Fe3C) Phase Diagram
In their simplest form, steels are alloys of Iron (Fe) and Carbon (C). The Fe-C phase diagram is a fairly

complex one, but we will only consider the steel part of the diagram, up to around 7% Carbon.

1600 ; '
1538°C I ‘ |

1400

1200}

0

..V
.~
i 1000 |
%
»
SO
.76
0022
MO0 | ~
600 o, Foerrite w e Fe
Comentite (FeC) —_
mentit r 3 e
400 | ‘. | . |
1 2 J R S 6 G.7

iFe) Composition (wit™s C)

Phases in Fe—Fe3C Phase Diagram
a-ferrite - solid solution of C in BCC Fe
«Stable form of iron at room temperature.
*The maximum solubility of C is 0.022 wt%
*Transforms to FCC y-austenite at 912 °C
y-austenite - solid solution of C in FCC Fe
*The maximum solubility of C is 2.14 wt %.
*Transforms to BCC &-ferrite at 1395 °C
*Is not stable below the eutectic temperature (727 ° C) unless cooled
rapidly
o-ferrite solid solution of C in BCC Fe
*The same structure as o-ferrite
«Stable only at high T, above 1394 °C
*Melts at 1538 °C
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Fe3C (iron carbide or cementite)

 This intermetallic compound is metastable, it remains as a compound indefinitely at room T, but
decomposes (very slowly, within several years) into a-Fe and C (graphite) at 650 - 700 °C

A few comments on Fe—Fe3C system

Cis an interstitial impurity in Fe. It forms a solid solution with a, y, & phases of iron. Maximum solubility
in BCC a-ferrite is limited (max. 0.022 wt% at 727 °C) - BCC has relatively small interstitial positions.
Maximum solubility in FCC austenite is 2.14 wt% at 1147 °C - FCC has larger interstitial positions.
Mechanical properties: Cementite is very hard and brittle - can strengthen steels. Mechanical properties
also depend on the microstructure, that is, how ferrite and cementite are mixed. Magnetic properties: o
-ferrite is magnetic below 768 °C, austenite is non-magnetic

Classification:

Three types of ferrous alloys:
« Iron: less than 0.008 wt % C in a—ferrite at room T
« Steels: 0.008 - 2.14 wt % C (usually < 1 wt %) o-ferrite + Fe3C at room T
* Cast iron: 2.14 - 6.7 wt % (usually < 4.5 wt %)
Eutectic and eutectoid reactions in Fe—Fe3C
Eutectoid: 0.76 wt %C, 727 °C
v (0.76 Wt% C) < a (0.022 wt% C) + Fe3C
Eutectic: 4.30 wt% C, 1147 °C
L — v+ Fe3C

1600

1200 . 3

1200

1000

Temperature (°C)

800

600 H—

Cementite {Fe3C) SO

200 | | |

o] 1 2 3 4 5 & 5.3
(Fa) Composition (wt%: C)
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Development of Microstructure in Iron - Carbon alloys
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Microstructure depends on composition (carbon content) and heat treatment.

In the discussion below we consider slow cooling in which equilibrium is maintained.

Microstructure of eutectoid steel (I)
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Microstructure of Eutectoid Steel (I1)

When alloy of eutectoid composition (0.76 wt % C) is cooled slowly it forms perlite, a lamellar or layered
structure of two phases: o-ferrite and cementite (Fe3C). The layers of alternating phases in pearlite are
formed for the same reason as layered structure of eutectic structures: redistribution C atoms between
ferrite (0.022 wt%) and cementite (6.7 wt%) by atomic diffusion. Mechanically, pearlite has properties
intermediate to soft, ductile ferrite and hard, brittle cementite.

In the micrograph, the dark areas are Fe3C layers, the light phase is a-ferrite

= - =
S %’%/
_—_—____—'- -

.
i

Microstructure of Hypo Eutectoid Steel (I)
Compositions to the left of eutectoid (0.022 - 0.76 wt % C) hypo eutectoid alloys.

y—a+y—a+tFe3C

Temperature (C)

Eutectoid e

1.0 2.0

™

Co Composition (wt9 C)
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TTT Diagrams

The family of S-shaped curves at different T is used to construct the TTT diagrams. The TTT
diagrams are for the isothermal (constant T) transformations (material is cooled quickly toa given
temperature before the transformation occurs, and then keep it at that temperature).

At low temperatures, the transformation occurs sooner (it is controlled by the rate of nucleation)
and grain growth (that is controlled by diffusion) is reduced.

Slow diffusionat low temperatures leads to fine-grained microstructure with thin-layered structure
of pearlite (fine pearlite).

At higher temperatures, high diffusion rates allow for larger grain growth and formation of thick
layered structure of pearlite (coarse pearlite).

At compositions other than eutectoid, a proeutectoid phase (ferrite or cementite) coexist with
pearlite.

Additional curves for proeutectoid transformation must be included on TTT diagrams.

Formation of Bainite Microstructure (1)

800
I I [ I I

A - Eutectoid te_rnpera_ture

700 [—

&00 ——

Temperature ('C)

400 (—

Lower
bainite

200 [—

1606 | | | | |
1o—1 1 10 102 103 104 10°

Time (s)

For T ~ 300-540°C, upper bainite consists of needles of ferrite separated by long cementite
particles

For T ~ 200-300°C, lower bainite consists of thin plates of ferrite containing very fine rods or
blades of cementite
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In the bainite region, transformation rate is controlled by microstructure growth (diffusion) rather
than nucleation.
Since diffusion is slow at low temperatures, this phase has a very fine (microscopic)
microstructure.
Pearlite and bainite transformations are competitive; transformation between pearlite and bainite

not possible without first reheating to form austenite

Upper bainite Lower bainite Spheroidite

WCementate i
= penc-ramentl

Annealing of pearlitic or bainitic microstructures at elevated temperatures just below eutectoid
(e.g. 24 h at 700 C) leads to the formation of new microstructure — spheroidite - spheres of
cementite in a ferrite matrix.

Composition or relative amounts of ferrite and cementite are not changing in this transformation;
only shape of the cementite inclusions is changing.

Transformation proceeds by C diffusion — needs high T.

Driving force for the transformation - reduction in total ferrite - cementite boundary area

3
| Upper bainite
: ':;5’, P v o

Martensite ()

Martensite forms when austenite is rapidly cooled (quenched) to room T.
It forms nearly instantaneously when the required low temperature is reached. The austenite-
martensite does not involve diffusion — no thermal activation is needed; this is called a thermal

transformation.
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e Eachatom displaces a small (sub-atomic) distance totransform FCC y-Fe (austenite) to martensite
which has a Body Centered Tetragonal (BCT) unit cell (like BCC, but one-unit cell axis is longer
than the other two).

e Martensite is metastable - can persist indefinitely at room temperature but will transform to
equilibrium phases on annealing at an elevated temperature.

e Martensite can coexist with other phases and/or microstructures in Fe-C system

Since martensite is metastable non-equilibrium phase, it does not appear in phase Fe-C phase diagram.
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Summary

A phase in a material is a region that differsin its microstructure and /or composition from another region.
Phase diagrams are graphical representations of what phases are present in a materials system at various
temperatures and pressures and compositions. Most phase diagrams are constructed by using equilibrium
conditions and used by engineers and scientists to understand and predict many aspects of the behaviour
of materials. The different forms of iron and carbon are a-ferrite, y-austenite, 5-ferrite. TTT diagrams are
for the isothermal (constant T) transformations (material is cooled quickly to a given temperature before
the transformation occurs, and then keep it at that temperature).

Questions:

1) Draw iron carbon equilibrium diagram and mark on it all salient temperatures, composition and
phases involved. Elaborate the invariant reactions.

2) Construct a phase diagram using the following data and label all the fields. Melting point of Ag =
961°C melting point of copper = 1083°C Eutectic temperature = 780°C Eutectic composition =
28% Cu maximum solubility of Cuin Ag = 9% at 7800C maximum solubility of Cu in Ag = 2%
at 00C. Determine the following. Solidification start and end of temperature for 30% Ag alloy,
temperature at which a 15% Cu alloy has 50% liquid phase and 50% solid phase

Material Science and Engg. 31 BME303



DEPARTMENT OF MECHANICAL ENGINEERING ATMECE, MYSURU

3)

4)
5)

6)

7)

8)

9

What is a phase diagram? Clearly explain the different predictions that can be made from phase
diagram.

Draw the iron carbon equilibrium diagram and label all the parts.

With the help of a iron carbon diagram explain cooling of steel with 0.6% carbon showing the
microstructure at different stages.

What is an invariant reaction? Write the following binary invariant reactions 1) Eutectoid 2)
peritectic

Calculate the amount of proeutectoid ferrite, total ferrite and cementite in 0.6% C steel at room
temperature.

Draw the TTT diagram for eutectoid steel and explain the different microstructures obtained at
various cooling rates.

What is critical cooling rate?

10) Two metals A and B melt at 6000C and 400°C respectively. They do not form any intermediate

phase. The maximum solid solubility in each other is 4% downto 0°C. An eutectic reaction takes place

at a composition of 65%A-35%B at 3000C. Draw the phase diagram and label all regions. Find the

temperature at which a 20% A-80%B alloy starts and completes solidification. Find the temperature at

which the same alloy is 50% solid and 50% liquids.
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