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Material Science

Chapter 1. Introduction

1.1 Historical Perspective and Materials Science
1.1.1 Historical Perspective

Materials are so important in the development of human civilization that the historians
have identified early periods of civilization by the name of most significantly used
material, e.g.: Stone Age, Bronze Age. This is just an observation made to showcase the
importance of materials and their impact on human civilization. It is obvious that
materials have affected and controlling a broad range of human activities through
thousands of decades.

From the historical point of view, it can be said that human civilization started with Stone
Age where people used only natural materials, like stone, clay, skin, and wood for the
purposes like to make weapons, instruments, shelter, etc. Thus the sites of deposits for
better quality stones became early colonies of human civilization. However, the
increasing need for better quality tools brought forth exploration that led to Bronze Age,
followed by Iron Age. When people found copper and how to make it harder by alloying,
the Bronze Age started about 3000 BC. The use of iron and steel, a stronger material that
gave advantage in wars started at about 1200 BC. Iron was abundant and thus availability
is not limited to the affluent. This commonness of the material affected every person in
many aspects, gaining the name democratic material. The next big step in human
civilization was the discovery of a cheap process to make steel around 1850 AD, which
enabled the railroads and the building of the modern infrastructure of the industrial world.
One of the most significant features of the democratic material is that number of users
just exploded. Thus there has been a need for human and material resources for centuries,
which still going strong. It’s being said and agreed that we are presently in Space Age
marked by many technological developments towards development materials resulting in



stronger and light materials like composites, electronic materials like semiconductors,
materials for space voyage like high temperature ceramics, biomaterials, etc.

In summary, materials constitute foundation of technology. The history of human
civilization evolved from the Stone Age to the Bronze Age, the Iron Age, the Steel Age,
and to the Space Age (contemporaneous with the Electronic Age). Each age is marked by
the advent of certain materials. The Iron Age brought tools and utensils. The Steel Age
brought railroads, instruments, and the Industrial Revolution. The Space Age brought the
materials for stronger and light structures (e.g., composite materials). The Electronic Age
brought semiconductors, and thus many varieties of electronic gadgets.

1.1.2 Materials Science

As engineering materials constitute foundation of technology, it’s not only necessary but
a must to understand how materials behave like they do and why they differ in properties.
This is only possible with the atomistic understanding allowed by quantum mechanics
that first explained atoms and then solids starting in the 1930s. The combination of
physics, chemistry, and the focus on the relationship between the properties of a material
and its microstructure is the domain of Materials Science. The development of this
science allowed designing materials and provided a knowledge base for the engineering
applications (Materials Engineering).

Important components of the subject Materials Science are structure, properties,
processing, and performance. A schematic interrelation between these four components is
shown in figure 1.1.

Properties

Figure 1.1: Interrelation between four components of Materials Science.

1.2 Why Study Materials Science and Engineering? and Classification of Materials?

1.2.1 Why Study Materials Science and Engineering?



All engineers need to know about materials. Even the most "immaterial”, like software or
system engineering depend on the development of new materials, which in turn alter the
economics, like software-hardware trade-offs. Increasing applications of system
engineering are in materials manufacturing (industrial engineering) and complex
environmental systems.

Innovation in engineering often means the clever use of a new material for a specific
application. For example: plastic containers in place of age-old metallic containers. It is
well learnt lesion that engineering disasters are frequently caused by the misuse of
materials. So it is vital that the professional engineer should know how to select materials
which best fit the demands of the design - economic and aesthetic demands, as well as
demands of strength and durability. Beforehand the designer must understand the
properties of materials, and their limitations. Thus it is very important that every engineer
must study and understand the concepts of Materials Science and Engineering. This
enables the engineer

e To select a material for a given use based on considerations of cost and
performance.

e To understand the limits of materials and the change of their properties with use.

e To be able to create a new material that will have some desirable properties.

e To be able to use the material for different application.

1.2.2 Classification of Materials

Like many other things, materials are classified in groups, so that our brain can handle
the complexity. One can classify them based on many criteria, for example crystal
structure (arrangement of atoms and bonds between them), or properties, or use. Metals,
Ceramics, Polymers, Composites, Semiconductors, and Biomaterials constitute the main
classes of present engineering materials.

Metals: These materials are characterized by high thermal and electrical conductivity;
strong yet deformable under applied mechanical loads; opaque to light (shiny if
polished). These characteristics are due to valence electrons that are detached from
atoms, and spread in an electron sea that glues the ions together, i.e. atoms are bound
together by metallic bonds and weaker van der Waalls forces. Pure metals are not good
enough for many applications, especially structural applications. Thus metals are used in
alloy form i.e. a metal mixed with another metal to improve the desired qualities. E.g.:
aluminum, steel, brass, gold.

Ceramics: These are inorganic compounds, and usually made either of oxides, carbides,
nitrides, or silicates of metals. Ceramics are typically partly crystalline and partly
amorphous. Atoms (ions often) in ceramic materials behave mostly like either positive or
negative ions, and are bound by very strong Coulomb forces between them. These
materials are characterized by very high strength under compression, low ductility;
usually insulators to heat and electricity. Examples: glass, porcelain, many minerals.



Polymers: Polymers in the form of thermo-plastics (nylon, polyethylene, polyvinyl
chloride, rubber, etc.) consist of molecules that have covalent bonding within each
molecule and van der Waals forces between them. Polymers in the form of thermo-sets
(e.g., epoxy, phenolics, etc.) consist of a network of covalent bonds. They are based on
H, C and other non-metallic elements. Polymers are amorphous, except for a minority of
thermoplastics. Due to the kind of bonding, polymers are typically electrical and thermal
insulators. However, conducting polymers can be obtained by doping, and conducting
polymer-matrix composites can be obtained by the use of conducting fillers. They
decompose at moderate temperatures (100 — 400 C), and are lightweight. Other properties
vary greatly.

Composite materials: Composite materials are multiphase materials obtained by
artificial combination of different materials to attain properties that the individual
components cannot attain. An example is a lightweight brake disc obtained by embedding
SiC particles in Al-alloy matrix. Another example is reinforced cement concrete, a
structural composite obtained by combining cement (the matrix, i.e., the binder, obtained
by a reaction known as hydration, between cement and water), sand (fine aggregate),
gravel (coarse aggregate), and, thick steel fibers. However, there are some natural
composites available in nature, for example — wood. In general, composites are classified
according to their matrix materials. The main classes of composites are metal-matrix,
polymer-matrix, and ceramic-matrix.

Semiconductors: Semiconductors are covalent in nature. Their atomic structure is
characterized by the highest occupied energy band (the valence band, where the valence
electrons reside energetically) full such that the energy gap between the top of the
valence band and the bottom of the empty energy band (the conduction band) is small
enough for some fraction of the valence electrons to be excited from the valence band to
the conduction band by thermal, optical, or other forms of energy. Their electrical
properties depend extremely strongly on minute proportions of contaminants. They are
usually doped in order to enhance electrical conductivity. They are used in the form of
single crystals without dislocations because grain boundaries and dislocations would
degrade electrical behavior. They are opaque to visible light but transparent to the
infrared. Examples: silicon (Si), germanium (Ge), and gallium arsenide (GaAs, a
compound semiconductor).

Biomaterials: These are any type material that can be used for replacement of damaged
or diseased human body parts. Primary requirement of these materials is that they must
be biocompatible with body tissues, and must not produce toxic substances. Other
important material factors are: ability to support forces; low friction, wear, density, and
cost; reproducibility. Typical applications involve heart valves, hip joints, dental
implants, intraocular lenses. Examples: Stainless steel, Co-28Cr-6Mo, Ti-6Al-4V, ultra
high molecular weight poly-ethelene, high purity dense Al-oxide, etc.

1.3 Advanced Materials, Future Materials, and Modern Materials needs



1.3.1 Advanced Materials

These are materials used in High-Tech devices those operate based on relatively intricate
and sophisticated principles (e.g. computers, air/space-crafts, electronic gadgets, etc.).
These materials are either traditional materials with enhanced properties or newly
developed materials with high-performance capabilities. Hence these are relatively
expensive. Typical applications: integrated circuits, lasers, LCDs, fiber optics, thermal
protection for space shuttle, etc. Examples: Metallic foams, inter-metallic compounds,
multi-component alloys, magnetic alloys, special ceramics and high temperature
materials, etc.

1.3.2 Future Materials

Group of new and state-of-the-art materials now being developed, and expected to have
significant influence on present-day technologies, especially in the fields of medicine,
manufacturing and defense. Smart/Intelligent material system consists some type of
sensor (detects an input) and an actuator (performs responsive and adaptive function).
Actuators may be called upon to change shape, position, natural frequency, mechanical
characteristics in response to changes in temperature, electric/magnetic fields, moisture,
pH, etc.

Four types of materials used as actuators: Shape memory alloys, Piezo-electric ceramics,
Magnetostrictive materials, Electro-/Magneto-rheological fluids. Materials / Devices used
as sensors: Optical fibers, Piezo-electric materials, Micro-electro-mechanical systems
(MEMYS), etc.

Typical applications: By incorporating sensors, actuators and chip processors into system,
researchers are able to stimulate biological human-like behavior; Fibers for bridges,
buildings, and wood utility poles; They also help in fast moving and accurate robot parts,
high speed helicopter rotor blades; Actuators that control chatter in precision machine
tools; Small microelectronic circuits in machines ranging from computers to
photolithography prints; Health monitoring detecting the success or failure of a product.

1.3.3 Modern Materials needs

Though there has been tremendous progress over the decades in the field of materials
science and engineering, innovation of new technologies, and need for better
performances of existing technologies demands much more from the materials field.
More over it is evident that new materials/technologies are needed to be environmental
friendly. Some typical needs, thus, of modern materials needs are listed in the following:

e Engine efficiency increases at high temperatures: requires high temperature
structural materials



e Use of nuclear energy requires solving problem with residues, or advances in
nuclear waste processing.

e Hypersonic flight requires materials that are light, strong and resist high
temperatures.

e Optical communications require optical fibers that absorb light negligibly.

« Civil construction — materials for unbreakable windows.

o Structures: materials that are strong like metals and resist corrosion like plastics.
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Material Science

Atomic Structure, Interatomic Bonding and Structure
of Crystalline Solids

2.1 Atomic Structure and Atomic Bonding in Solids
2.1.1 Atomic Structure

Atoms are composed of electrons, protons, and neutrons. Electrons and protons are
negative and positive charged particles respectively. The magnitude of each charged
particle in an atom is 1.6 x 10" Coulombs.

The mass of the electron is negligible with respect to those of the proton and the neutron,
which form the nucleus of the atom. The unit of mass is an atomic mass unit (amu) =
1.66 x 10*" kg, and equals 1/12 the mass of a carbon atom. The Carbon nucleus has Z=6,
and A=6, where Z is the number of protons, and A the number of neutrons. Neutrons and
protons have very similar masses, roughly equal to 1 amu each. A neutral atom has the
same number of electrons and protons, Z.

A mol is the amount of matter that has a mass in grams equal to the atomic mass in amu
of the atoms. Thus, a mole of carbon has a mass of 12 grams. The number of atoms in a
mole is called the Avogadro number, Na = 6.023 x 10%. Note that N.v= 1 gram/1 amu.

Calculating n, the number of atoms per cm’ of a material of density & (g/cm’):

where M is the atomic mass in amu (grams per mol). Thus, for graphite (carbon) with a
density 5= 1.8 g/em’, M =12, we get 6 x 10> atoms/mol x 1.8 g/cm’ / 12 g/mol) = 9 x
10% C atoms/cm’.



For a molecular solid like ice, one uses the molecular mass, Mu20) = 18. With a density
of 1 g/cm3, one obtains n = 3.3 x 10% H,O molecules/cm’. Note that since the water
molecule contains 3 atoms, this is equivalent to 9.9 x 10** atoms/cm’.

Most solids have atomic densities around 6 x 10* atoms/cm’. The cube root of that
number gives the number of atoms per centimeter, about 39 million. The mean distance
between atoms is the inverse of that, or 0.25 nm. This is an important number that gives
the scale of atomic structures in solids.

2.1.2 Atomic bonding in solids

In order to understand the why materials behave like they do and why they differ in
properties, it is necessary that one should look at atomic level. The study primarily
concentrates on two issues: what made the atoms to cluster together, and how atoms are
arranged. As mentioned in earlier chapter, atoms are bound to each other by number of
bonds. These inter-atomic bonds are primarily of two kinds: Primary bonds and
Secondary bonds. Ionic, Covalent and Metallic bonds are relatively very strong, and
grouped as primary bonds, whereas van der Waals and hydrogen bonds are relatively
weak, and termed as secondary bonds. Metals and Ceramics are entirely held together by
primary bonds - the ionic and covalent bonds in ceramics, and the metallic and covalent
bonds in metals. Although much weaker than primary bonds, secondary bonds are still
very important. They provide the links between polymer molecules in polyethylene (and
other polymers) which make them solids. Without them, water would boil at -80°C, and
life as we know it on earth would not exist.

lonic Bonding: This bond exists between two atoms when one of the atoms is negative
(has an extra electron) and another is positive (has lost an electron). Then there is a
strong, direct Coulomb attraction. Basically ionic bonds are non-directional in nature. An
example is NaCl. In the molecule, there are more electrons around Cl, forming CI" and
fewer electrons around Na, forming Na'. Ionic bonds are the strongest bonds. In real
solids, ionic bonding is usually exists along with covalent bonding.

Fig.1 Schematic representation of ioning bonding. Here, Na is giving an electron to Cl to
have stable structure



Covalent Bonding: In covalent bonding, electrons are shared between the atoms, to
saturate the valency. The simplest example is the H, molecule, where the electrons spend
more time in between the nuclei of two atoms than outside, thus producing bonding.
Covalent bonds are stereo-specific i.e. each bond is between a specific pair of atoms,
which share a pair of electrons (of opposite magnetic spins). Typically, covalent bonds
are very strong, and directional in nature. The hardness of diamond is a result of the fact
that each carbon atom is covalently bonded with four neighboring atoms, and each
neighbor is bonded with an equal number of atoms to form a rigid three-dimensional
structure.
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Figure 2. Schematic representation of covalent bond in Hydrogen molecule (sharing of
electrons)

Metallic Bonding: Metals are characterized by high thermal and electrical
conductivities. Thus, neither covalent nor ionic bondings are realized because both types
of bonding localize the valence electrons and preclude conduction. However, strong
bonding does occur in metals. The valence electrons of metals also are delocalized. Thus
metallic bonding can be viewed as metal containing a periodic structure of positive ions
surrounded by a sea of delocalized electrons. The attraction between the two provides the
bond, which is non-directional.

Electron cloud from

° ° /y the valence electrons




Figure 3. Metallic bonding

Fluctuating Induced Dipole Bonds: Since the electrons may be on one side of the atom
or the other, a dipole is formed: the + nucleus at the center, and the electron outside.
Since the electron moves, the dipole fluctuates. This fluctuation in atom A produces a
fluctuating electric field that is felt by the electrons of an adjacent atom, B. Atom B then
polarizes so that its outer electrons are on the side of the atom closest to the + side (or
opposite to the — side) of the dipole in A.

Polar Molecule-Induced Dipole Bonds: Another type of secondary bond exists with
asymmetric molecules, also called polar molecules because of positively and negatively
charged regions. A permanent dipole moment arises from net positive and negative
charges that are respectively associated with the hydrogen and chlorine ends of the HCl
molecule, leading to bonding. The magnitude of this bond will be greater than for
fluctuating induced dipoles.

Figure 4. Dipole bond in water

These two kinds of bonds are also called van der Waals bonds. Third type of secondary
bond is the hydrogen bond. It is categorized separately because it produces the strongest
forces of attraction in this category.

Permanent Dipole Bonds / Hydrogen bonding: It occurs between molecules as
covalently bonded hydrogen atoms — for example C-H, O-H, F-H — share single electron
with other atom essentially resulting in positively charged proton that is not shielded any
electrons. This highly positively charged end of the molecule is capable of strong
attractive force with the negative end of an adjacent molecule. The properties of water are
influenced significantly by the hydrogen bonds/bridges. The bridges are of sufficient
strength, and as a consequence water has the highest melting point of any molecule of its
size. Likewise, its heat of vaporization is very high.



2.2 Crystal Structures, Crystalline and Non-Crystalline materials
2.2.1 Crystal structures

All metals, a major fraction of ceramics, and certain polymers acquire crystalline form
when solidify, i.e. in solid state atoms self-organize to form crystals. Crystals possess a
long-range order of atomic arrangement through repeated periodicity at regular intervals
in three dimensions of space. When the solid is not crystalline, it is called amorphous.
Examples of crystalline solids are metals, diamond and other precious stones, ice,
graphite. Examples of amorphous solids are glass, amorphous carbon (a-C), amorphous
Si, most plastics.

There is very large number of different crystal structures all having long-range atomic
order; these vary from relatively simple structures for metals to exceedingly complex
structures for ceramics and some polymers. To discuss crystalline structures it is useful to
consider atoms as being hard spheres, with well-defined radii. In this scheme, the shortest
distance between two like atoms is one diameter. In this context, use of terms lattice and
unit cell will be handy. Lattice is used to represent a three-dimensional periodic array of
points coinciding with atom positions. Unit cell is smallest repeatable entity that can be
used to completely represent a crystal structure. Thus it can be considered that a unit cell
is the building block of the crystal structure and defines the crystal structure by virtue of
its geometry and the atom positions within.

Important properties of the unit cells are

e The type of atoms and their radii R.

o Cell dimensions (Lattice spacing a, b and ¢) in terms of R and

e Angle between the axis a, B, v

e a* b* c* - lattice distances in reciprocal lattice , a*, B*, y* - angle in reciprocal
lattice

e N, number of atoms per unit cell. For an atom that is shared with m adjacent unit
cells, we only count a fraction of the atom, 1/m.

e CN, the coordination number, which is the number of closest neighbors to which
an atom is bonded.

e APF, the atomic packing factor, which is the fraction of the volume of the cell
actually occupied by the hard spheres. APF = Sum of atomic volumes/Volume of
cell.

Some very common crystal structures and relevant properties are listed in table 2.1.
Table 2.1: Common crystal structures and their properties.

Unit Cell n CN a/R APF

Simple Cubic 1 6 4/\4 0.52



Bodv-Centered Cubic 2 8 43 0.68
Face-Centered Cubic 4 12 4N 2 0.74

Hexagonal Close Packed 6 12 0.74

Q
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Sumple Cubic Body Centered Cubic  Face Centered Cubic
Hexagonal Close Packed

Figure 2.1: Common metallic crystal structures.
2.2.2 Crystalline and Non-crystalline materials

Single Crystals: Crystals can be single crystals where the whole solid is one crystal.
Then it has a regular geometric structure with flat faces.

Polycrystalline Materials: A solid can be composed of many crystalline grains, not
aligned with each other. It is called polycrystalline. The grains can be more or less
aligned with respect to each other. Where they meet is called a grain boundary.

Non-Crystalline Solids: In amorphous solids, there is no long-range order. But
amorphous does not mean random, since the distance between atoms cannot be smaller
than the size of the hard spheres. Also, in many cases there is some form of short-range
order. For instance, the tetragonal order of crystalline SiO, (quartz) is still apparent in
amorphous SiO; (silica glass).

2.3 Miller Indices, Anisotropy, and Elastic behavior of composites

2.3.1 Miller indices:

It is understood that properties of materials depend on their crystal structure, and many of
these properties are directional in nature. For example: elastic modulus of BCC iron is
greater parallel to the body diagonal than it is to the cube edge. Thus it is necessary to
characterize the crystal to identify specific directions and planes. Specific methods are

employed to define crystal directions and crystal planes.

Methodology to define crystallographic directions in cubic crystal:



a vector of convenient length is placed parallel to the required direction.

the length of the vector projection on each of three axes are measured in unit cell
dimensions.

these three numbers are made to smallest integer values, known as indices, by
multiplying or dividing by a common factor.

the three indices are enclosed in square brackets, [uvw]. A family of directions is
represented by <uvw>.

Methodology to define crystallographic planes in cubic crystal:

determine the intercepts of the plane along the crystallographic axes, in terms of
unit cell dimensions. If plane is passing through origin, there is a need to construct
a plane parallel to original plane.

take the reciprocals of these intercept numbers.

clear fractions.

reduce to set of smallest integers.

The three indices are enclosed in parenthesis, (hkl). A family of planes is
represented by {hkl}.

For example, if the x-, y-, and z- intercepts of a plane are 2, 1, and 3. The Miller indices
are calculated as:

take reciprocals: 1/2, 1/1, 1/3.
clear fractions (multiply by 6): 3, 6, 2.
reduce to lowest terms (already there). => Miller indices of the plane are (362).

Figure 2.2 depicts Miller indices for number of directions and planes in a cubic crystal.
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Figure 2.2: Miller indices in a cubic crystal.

Some useful conventions of Miller notation:

If a plane is parallel to an axis, its intercept is at infinity and its Miller index will
be zero.



If a plane has negative intercept, the negative number is denoted by a bar above
the number. Never alter negative numbers. For example, do not divide -1, -1, -1
by -1 to get 1,1,1. This implies symmetry that the crystal may not have!

The crystal directions of a family are not necessarily parallel to each other.
Similarly, not all planes of a family are parallel to each other.

By changing signs of all indices of a direction, we obtain opposite direction.
Similarly, by changing all signs of a plane, a plane at same distance in other side
of the origin can be obtained.

Multiplying or dividing a Miller index by constant has no effect on the orientation
of the plane.

The smaller the Miller index, more nearly parallel the plane to that axis, and vice
versa.

When the integers used in the Miller indices contain more than one digit, the
indices must be separated by commas. E.g.: (3,10,13)

By changing the signs of all the indices of (a) a direction, we obtain opposite
direction, and (b) a plane, we obtain a plane located at the same distance on the
other side of the origin.

More conventions applicable to cubic crystals only:

[uvw] is normal to (hkl) ifu=h,v=k, andw=I. E.g.: (111) L [111].
Inter-planar distance between family of planes {hkl} is given by:

B a

Fi; = Jh2 4k 412

[uvw] is parallel to (hkl) if hu + kv + lw = 0.

Two planes (hikil;) and (hzkzlz) are normal if hih, + kiky + 111,=0.

Two directions (U;ViW) and (UaVoWs) are normal if UgUy + ViVe + WiWo=0
Angle between two planes is given by:

h,h, +kk, +11,

cosfd =
JhZ k2 +12h2 k2 +12

The same equation applies for two directions.

Why Miller indices are calculated in that way?

Using reciprocals spares us the complication of infinite intercepts.

Formulas involving Miller indices are very similar to related formulas from
analytical geometry.

Specifying dimensions in unit cell terms means that the same label can be applied
to any plane with a similar stacking pattern, regardless of the crystal class of the
crystal. Plane (111) always steps the same way regardless of crystal system.

2.3.2 Miller-Bravis indices



Though Miller indices can describe all possible planes through any crystal, Miller-Bravis
indices are used in hexagonal crystal systems. This is because they reveal hexagonal
symmetry more clearly. Although partially redundant, they are used exclusively for
hexagonal systems.

Direction indices are obtained as above where first three indices are representative of
projections of the direction over three co-planar axes in the plane called basal plane while
the last index denotes the projection over the axis perpendicular to the basal plane.
Miller-Bravis indices for a plane are denoted as [uvtw], where t = -(u+v)

In the same procedure, planes in a hexagonal crystal are denoted by (hkil), where i = -

(h+K).
2.3.3 Anisotropy

It’s been agreed that many of the materials properties depend on the crystal structure.
However, crystals are not symmetric in all directions, or not the crystal planes same with
respect to atomic density/packing. Different directions in the crystal have different
packing. For instance, atoms along the edge of FCC crystals are more separated than
along its face diagonal. This causes properties to be different in different directions. This
directionality of properties is termed as Anisotropy.

Substances in which measured properties are independent of direction in which they are
measured are called isotropic. Though, in polycrystalline materials, the crystallographic
orientations of individual grains are random, specimen may behave isotropically.

2.3.4 Elastic Behavior of Composites

The idea is that by combining two or more distinct materials one can engineer a new
material with the desired combination of properties (e.g., light, strong, corrosion
resistant). The idea that a better combination of properties can be achieved is called the
principle of combined action.

For example, Pearlitic steel that combines hard and brittle Cementite with soft and ductile
ferrite to get a superior material.

A composite is defined as a artificially made muti-phase material, where constituent
phases are chemically dissimilar and separated by a distinct interface. Thus, composites
shall have at least two or more constituent phases. Many of the composites are made of
two phases — one is termed as matrix, which is continuous and surrounds the other phase,
called dispersed phase. Dispersed phase can exist in many forms like particulates, short-
/long- fibers.

Properties of composites depend on



- Properties of the constituent phases.
- Geometry of dispersed phase (particle size, size distribution, orientation).
- Amount of each constituent phase.

Classification of composites based on geometry of dispersed phase:
- Particle-reinforced (large-particle and dispersion-strengthened)
- Fiber-reinforced (continuous (aligned) and short fibers (aligned or random)
- Structural (laminates and sandwich panels)

Classification of composites based on matrix phase:
- Metal Matrix Composites.
- Polymer Matrix Composites.
- Ceramic Matrix Composites.

Composite properties can be calculated using rule of mixtures. For example, elastic
modulus of a particle reinforced composite bound by the limits given by

E.(W=E,\V,+E\V,

E.E

E()=— " "
O=EV +EV

m-®p pm

where E and V denote the elastic modulus and volume fraction respectively; ¢, m, and p
represent composite, matrix, and particulate phases.

However, in case of continuous fiber reinforced composites upper bound is applicable to
condition of longitudinal loading, while the lower bound is applicable to transverse
loading condition. The above equations can be simplified using the following relations:

vV, +V, =1

p

When fiber orientation is random, or short and discontinuous fibers are used, rule of
mixtures will be modified as follows to take care of the randomness of fibers:

E, =E,V, +KEV,

where K — is fiber efficiency parameter that depends on Vi and E«/Ey, ratio. K’s values are
less than unity, usually attains a value in the range of 0.1 to 0.6.

Many applications, like in aircraft parts, there is a need for high strength per unit weight
(specific strength). This can be achieved by composites consisting of a low-density (and

soft) matrix reinforced with stiff fibers.

2.4 Structure and properties of polymers



Polymers are common in nature, in the form of wood, rubber, cotton, leather, wood, silk,
proteins, enzymes, starches, cellulose. Artificial polymers are made mostly from oil.
Their use has grown exponentially, especially after WW2 (World War-2). The key factor
is the very low production cost and useful properties (e.g., combination of transparency
and flexibility, long elongation, etc.).

Most polymers are organic, and formed from hydrocarbon molecules. These molecules
can have single, double, or triple carbon bonds. A saturated hydrocarbon is one where
all bonds are single, i.e. the number of atoms is maximum (or saturated). Among this type
are the paraffin compounds, C,H,2. In contrast, non-saturated hydrocarbons contain
some double and triple bonds.

Isomers are molecules that contain the same molecules but in a different arrangement.
An example is butane and iso-butane. Some physical properties of hydrocarbons depend
on the isomeric state.

2.4.1 Polymer molecules

Polymer molecules are huge, macromolecules that have internal covalent bonds. For most
polymers, these molecules form very long chains. The backbone is a string of carbon
atoms, often single bonded. Polymers are composed of basic structures called mer
units. A molecule with just one mer is a monomer. Within each molecule / mer atoms are
bonding together by strong covalent bonds. When many mers are together, they form
polymer. Bi-functional monomers may bond with two other units in forming 2-D chain-
like structures; while Tri-functional monomers can form three active bonds, and thus 3-D
molecular network. Examples of polymers are polyvinyl chloride (PVC), poly-tetra-
fluoro-ethylene (PTFE or Teflon), polypropylene, nylon and polystyrene. When all the
mers are the same, the molecule is called a homopolymer. When there is more than one
type of mer present, the molecule is a copolymer.

The mass of a polymer is not fixed, but is distributed around a mean value, since not all
polymer chains will grow same extent. The average molecular weight can be obtained by
averaging the masses with the fraction of times they appear (number-average) or with the
weight fraction of the molecules (weight-average). Another representation of average
chain size is degree of polymerization (n) — average number of mer units in a chain. It is
obtained by dividing the average mass of the polymer by the mass of a mer unit.
Numbers of polymer characteristics are affected by the magnitude of the molecular
weight. Short chain polymers usually exist in form of gases or liquids at room
temperature; where as medium range polymers are waxy solids and soft resins. Solid
polymers are commonly having weights ranging between 10K and several million g/mol.

2.4.2 Polymer structures
Polymers consist of large number of molecular chains which are usually not linear;

bending and rotations can occur around single C-C bonds (double and triple bonds are
very rigid). Random kinks and coils in chains along with bending of chains lead to



intertwining and entanglement of neighboring chains, situation like in the spaghetti
structure. These characteristic entanglements are responsible for a number of properties
specific to polymers, e.g.: large elastic extension. However, physical properties of
polymers depend not only on molecular weight and shape, but also on differences in
structure of the chains. It should be remembered that polymers are not usually of only one
distinctive structural type, though they are classified into different groups. Typical
polymer chain structures are: (a) linear, where mer units are joined together end to end in
single chains. E.g.: PVC, nylon. (b) branched, where side-branch chains are connected to
main ones. Branching of polymers lowers polymer density because of lower packing
efficiency. (c) cross-linked, where chains are joined one to another at various positions by
covalent bonds. This cross-linking is usually achieved at elevated temperatures by
additive atoms. E.g.: vulcanization of rubber. (d) network, trifunctional mer units with 3-
D networks comes under this category. E.g.: epoxies, phenol-formaldehyde.

2.4.3 Polymer crystallinity

Crystallinity in polymers is more complex than in metals. Polymer molecules are often
partially crystalline (semicrystalline), with crystalline regions dispersed within
amorphous material. The degree of crystallinity may range from completely amorphous
to almost entirely crystalline; on the other hand metals are almost always crystalline
whereas ceramics are either completely crystalline or noncrystalline. The degree of
crystallinity of a polymer depends on cooling path, and also on chain configuration. For
copolymers, the more irregular and random the mer arrangement, the greater is
probability for noncrystalline nature. Crystalline polymers are denser than amorphous
polymers, so the degree of crystallinity can be obtained from the measurement of density.

Different models have been proposed to describe the arrangement of molecules in
semicrytalline polymers. In the fringed-micelle model, the crystallites (micelles) are
embedded in an amorphous matrix. Polymer single crystals grown are shaped in regular
platelets (lamellae). Spherulites are chain-folded crystallites in an amorphous matrix that
grow radially in spherical shape “grains”. These are considered to be the polymer
analogue of grains in polycrystalline metals and ceramics. Many semicrystalline
polymers form spherulites; each spherulite consists of a collection of ribbonlike chain-
folded lamellar crystallites that radiate outward from its center. E.g.: polyethelene, PVC.

A polymer’s response to mechanical forces under elevated temperatures is related to its
molecular structure. Based on this response, polymers are classified as: thermoplasts
(soften when heated and harden when cooled), and thermosets (become permanently hard
when heat is applied and do not soften upon subsequent heating). Thermosets are
generally harder and stronger than thermoplasts, and have better dimensional stability.
Most of the cross-linked and network polymers are thermosets; whereas linear and some
branched polymers are thermoplasts.

2.4.4 Properties of polymers



Fluids and amorphous solids undergo viscous flow when external forces are applied. It is
well known that polymers exhibit very high viscosity in order of 10'* Pa.s at room
temperature. Polymers are non-Newtonian in nature, and formed into plastic products at a
temperature above their glass-transition temperature. It is evident that temperature has
very strong influence on mechanical behavior of polymers. Elastic strain occurs
simultaneously with viscous flow, resulting in visco-elastic deformation of polymers
under externally applied loads. Below the glass transition temperature elastic deformation
dominates and the material behaves rigid. In the range of glass temperature, the materials
is leathery; in the rubber plateau, polymers deform readily but quickly regain their
previous shape if the stress in removed. At still higher temperatures, under sustained
loads, the polymer deforms extensively by viscous flow. Figure below depicts
temperature effect on deformation behavior of polymers.
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Figure 2.3: Dependence of polymer viscosity on temperature and/or loading rate.

2.5 Structure and properties of ceramics

Ceramics are inorganic and non-metallic materials that are commonly electrical and
thermal insulators, brittle and composed of more than one element (e.g., two in ALO3).
As ceramics are composed of two or more elements, their crystal structures are generally
more complex than those of metals. Ceramic bonds are mixed, ionic and covalent, with a
proportion that depends on the particular ceramics. The ionic character is given by the
difference of electronegativity between the cations (+) and anions (-). Covalent bonds
involve sharing of valence electrons. Very ionic crystals usually involve cations which



are alkalis or alkaline-earths (first two columns of the periodic table) and oxygen or
halogens as anions.

The building criteria for the ceramic crystal structure are as follows:
- maintain neutrality (charge balance dictates chemical formula)
- achieve closest packing

The crystal stability condition i.e. condition of minimum energy implies maximum
attraction and minimum repulsion. This leads to contact and configurations such that
anions have the highest number of cation neighbors (coordination number) and vice
versa. The coordination number is dependent on cation-anion radius ratio, which can be
determined from geometric relations. Table 2.2 presents relevant coordination numbers
and radius ratios.

Table 2.2. Co-ordination number dependency on cation-anion radius ratio.

Cation-anion 0.155— 0.225 - 0414 — 0.732 -
; . <0.155 : : : : > 1.000
radius ratio (r/r,) 0.225 0.414 0.732 1.000
Coordination 5 3 A 6 g 0
number

Figure-2.4 presents schematic arrangement of cations and anions with respective
coordinate positions for different radius ratios.

CN=23§
Figure 2.4: lon arrangements for different coordination numbers.

2.5.1 Ceramic crystal structures

AX-type ceramic crystal structures: Most common ceramics are made of equal number of
cations and anions, and are referred to as AX compounds (A-cation, and X-anion). These
ceramics assume many different structures, named after a common material that
possesses the particular structure.




Rock salt structure: here the coordination number is 6, i.e. r/r, = 0.414-0.732. This
structure can be viewed as an FCC of anions with cations occupying center of each edge
and the center of the cell. Thus it can be said that lattice is made of two interpenetrating
FCC lattices, one composed of cations, and the other of anions. E.g.: NaCl, MgO, FeO.

Cesium Chloride structure: here the coordination number is 8. Crystal structure consists

of anions at corners of a cube while a cation occupies the center, and vice versa. E.g.:
CsCl.

Zinc Blende structure: here the coordination number is 4. Unit cell is composed of one
kind of ions occupying corners and face centers of a cube, while the other kind of ions
occupies the interior tetrahedral positions. E.g.: ZnS, SiC.

AnX,- type structures: when the charges of cation and anions are not the same, to
maintain the neutrality, ceramic structures with chemical formula would exist. For
example — CaF; with r./r, = 0.8, and thus coordination number of 8. It can be expected
that crystal structure could be the same as that of CsCl. However cations are half many as
anions, thus only half the center positions are occupied. One unit cell shall be made of
eight cubes. E.g.: UO,, ThO,, PuO,.

AnBnX,-type structures: it is possible that ceramics do have more than one kind of
cations. E.g.: BaTiO;. unit cell is made of cube where Ba®" ions occupies all eight
corners, ™ occupies cube center, while O” are at center of each face. This structure is
called perovskite crystal structure.

It is worth to understand and know more about some common most common ceramic in
nature. For example: silicates and carbon.

2.5.2 Silicates

Oxygen and Silicon are the most abundant elements in Earth’s crust. Their combination
(silicates) occurs in rocks, soils, clays and sand. The bond is weekly ionic, with Si*" as
the cation and O” as the anion. However the bonds in silicates are strongly of covalent
character with strong directional Si-O bonds. Basic unit of silicates structures are thus is
Si04* tetrahedron that consists of four oxygen atoms at corners of tetrahedron, and
silicon atom at the center of it. Various silicate structures consists SiO4* unit bonded in
1-, 2-, and 3- dimensions.

In silica (Si0,) every oxygen atom is shared by adjacent tetrahedra. Silica can either be
crystalline (e.g., quartz) or amorphous, as in glass. Crystalline forms of silica are known
to be complicated and comparatively open, thus of low densities compared with
amorphous glasses. Soda glasses melt at lower temperature than amorphous SiO, because
the addition of Na,O (soda) that act as network modifier breaks the tetrahedral network.
Addition of intermediates such as Al,Os, TiO, substitute of silicon atoms and become
part of stabilized network. Addition of network modifiers and intermediates lowers
melting point, and thus it is easy to form glass, for instance, bottles.



In complicated silicate structure, corner oxygen atom of basic unit is shared by other
tetrahedra, resulting in formulas such as SiO44', Si2076', Si3096', etc. The repeating unit of
2-D sheet or layered structure is represented as Si,Os>. Such layered structures are
characteristics of clays and other minerals.

2.5.3 Carbon

Carbon is not really a ceramic, but one of its allotropic form, diamond may be considered
as a ceramic. Diamond has very interesting and even unusual properties such as:

- possesses diamond-cubic structure (like Si, Ge)

- consists covalent C-C bonds

- having highest hardness of any material known

- very high thermal conductivity (unlike ceramics)

- transparent in the visible and infrared, with high index of refraction

- semiconductor (can be doped to make electronic devices)

- meta-stable (transforms to carbon when heated)

Synthetic diamonds are made by application of high temperatures and pressures or by
chemical vapor deposition. Future applications of this latter, cheaper production method
include hard coatings for metal tools, ultra-low friction coatings for space applications,
and microelectronics.

Graphite, another allotropic form of carbon, has a layered structure with very strong
hexagonal bonding within the planar layers (using 3 of the 3 bonding electrons) and
weak, van der Waals bonding between layers using the fourth electron. This leads to easy
inter-planar cleavage and applications as a lubricant and for writing (pencils). Graphite is
a good electrical conductor and chemically stable even at high temperatures. Applications
include furnaces, rocket nozzles, electrodes in batteries, etc.

Recently (1985) discovered allotropic form of carbon is the C¢p molecule, also known as
fullerene or bucky-ball (after the architect Buckminster Fuller who designed the geodesic
structure that Cg resembles.). Structure of this form resembles a hallow spherical cluster
of 60 atoms, and is found to consist of 20 hexagons and 12 pentagons where no two
pentagons share a common edge. Fullerenes and related structures like nanotubes are
exceptionally stiff, strong, and ductile. Future applications of fullerenes are as a structural
material and possibly in microelectronics, due to the unusual properties that result when
fullerenes are doped with other atoms.

2.5.4 Imperfections in ceramics

Imperfections in ceramics include point defects and impurities. Their formation is
strongly affected by the condition of charge neutrality (creation of unbalanced charges
requires the expenditure of a large amount of energy). Both vacancies and interstitials are
possible in ceramics as in metals; however as ceramics have more then one element these
defects can be associated with each of these elements. Neutral charge defects include the
Frenkel and Schottky defects. A Frenkel-defect is a vacancy- interstitial pair of cations



(placing large anions in an interstitial position requires a lot of energy in lattice
distortion). A Schottky-defect is a pair of nearby cation and anion vacancies.

Non-stoichiometry refers to a change in composition so that the elements in the ceramic
are not in the proportion appropriate for the compound (condition known as
stoichiometry). To minimize energy, the effect of non-stoichiometry is a redistribution of
the atomic charges. Introduction of impurity atoms in the lattice is likely in conditions
where the charge is maintained. This is the case of electronegative impurities that
substitute lattice anions or electropositive substitutional impurities. This is more likely for
similar ionic radii since this minimizes the energy required for lattice distortion. Defects
will appear if the charge of the impurities is not balanced.

2.5.5 Mechanical response of ceramics

Brittle Fracture of Ceramics: The brittle fracture of ceramics limits their engineering
applications. It occurs due to the unavoidable presence of microscopic flaws (micro-
cracks, internal pores, and atmospheric contaminants) that result during cooling from the
melt. The flaws need to crack initiation, and crack propagation (perpendicular to the
applied stress) is usually trans-granular, along cleavage planes. The flaws cannot be
closely controlled in manufacturing; this leads to a large scatter in the fracture strength of
ceramic materials.

Under compressive stresses, however, flaws do not associate with amplification of stress.
Hence, the compressive strength of ceramics is typically ten times to their tensile
strength. This makes ceramics good structural materials under compression (e.g., bricks
in houses, stone blocks in the pyramids), but not in conditions of tensile stress, such as
under flexure.

Plastic deformation in crystalline ceramics is by slip, which is difficult due to the
structure and the strong local (electrostatic) potentials. There is very little plastic
deformation before fracture. Non-crystalline ceramics, like common glass, deform by
viscous flow (like very high-density liquids) as deformation can not occur by slip because
of absence of regular atomic structure, which occurs in metals. Characteristic property of
viscous flow, viscosity, is a measure of non-crystalline material’s resistance to
deformation. It was found to decrease with increasing temperature. At room temperature,
the viscosity of many non-crystalline ceramics is extremely high.
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Preface

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.



Atomic arrangement

Crystalline SiO2 - Amorphous SiO2
(Quartz) o SOIId (Glass) ,

¢ 3
" Y

: g ;
Crystalline Amorphous Y. jes

Crystalline — periodic arrangement of atoms: definite
repetitive pattern

Non-crystalline or Amorphous — random arrangement of
atoms.

The periodicity of atoms in crystalline solids can be
described by a network of points in space called lattice.



Space lattice

» A space lattice can be defined as a three dimensional array
of points, each of which has identical surroundings.

> If the periodicity along a line is a, then position of any point
along the line can be obtained by a simple translation, r, = ua.

»Similarly r,, = ua + vb will repeat the point along a 2D plane,
where u and v are integers.
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Symmetry



Symmetry

»Symmetry refers to certain pattern or arrangement. A body is
symmetrical when it is reproduced by certain operation.
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» The symmetry word (somewhat distorted) itself shows 2-fold
rotation symmetry (restored by 180° rotation)

»In the picture below the plane looks identical after a 90°
rotation. The plane has 4 fold rotation symmetry as it repeats
itself 4 times (shown by the red dot) in a full 360° rotation.
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Symmetry operations

1. Translation
2. Rotation
3. Reflection

4. Inversion



Translation

ul

The first point is repeated at equal distances along a line by a
translation uT, where T is the translation vector and u is an
Integer.

Translation on a point with coordinates xyz — x+a y+b z+c

where, a, b and c are the unit vectors in X, y and z directions
respectively.



Symmetry operations

Rotation

A rotation can be applied on the translation vector T in all

directions, clock or anti-clock wise, through equal angles o
In the 2D space.

If two rotation operations, one each in clock and anti-clock
direction, are applied on the translation vector T, it will
create two more lattice points. Because of the regular
pattern, the translation between these two points will be
some multiple of T (pT).
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Symmetry operations
Rotation

T=Tcosa+plT+Tcosa=pT +2T cosa

T T cos a = (1 -p)/2
{ i P o | n-fold | Symbol
A 0 60 6 o
 TCosa Teos 1 90 4 H
) ! - 2 120 3 A
3 180 2 §
-1 | 0/360 1

An n-fold rotation symmetry means rotation through an
angle of 2n/n will repeat the object or motif n times in a full
360° rotation. n =1 means no symmetry.



Rotation

1-Fold Rotation Axis - An object that
1 requires rotation of a full 360° to repeat
itself has no rotational symmetry.

2-fold Rotation Axis - If an object appears identical after
a rotation of 180°, that is twice in a 360° rotation, then it is
said to have a 2-fold (2r/180) rotation symmetry
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Rotation

Similarly we have 3, 4 and 6-fold rotational symmetry

3 @ 3 fold — 27t/120
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Rotation

Is it possible to have 5, 7 or 8-fold rotation symmetry?

Objects with 5, 7 and 8 or higher order symmetry do exist in
nature, e.g. star fish (5-fold), flowers with 5 or 8-fold symmetry.

However, these are not possible in crystallography as they
cannot fill the space completely

5 fold 8 fold



Reflection or Mirror symmetry

An object with a reflection symmetry will be a mirror image of
itself across a plane called mirror plane (m).

AMAN A PLAN A CANAL PANAMA

y

XY @ o XYy
S

Reflection operation: xyz — -xy z ( X y Z ) across a mirror
plane perpendicular to x axis





Symmetry and Space lattice

Symmetry elements discussed so far define five types of 2D
space lattices. When a translation is applied to the third
direction these lattices create a total of 7 crystal systems.

] 2-fold 3, 6-fold
i Parallelogram Hexagonal
A a, # a,, o. = Any = 8y, o = 120°
A
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\
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4-fold: Square  Centered-Rectangular Primitive-Rectangular
a =8, a=90° g za, a=90° a, # a,, o = 90°



Inversion — Center of symmetry

In this operation, every part of the object is reflected through
an inversion center called center of symmetry which is
denoted as i. The object is reproduced inverted from its

original position.
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Combined operations

Combined symmetry operations also exist. For example,
rotation can be combined with inversion which is called
roto-inversion. The roto-inversion axis is denoted as n.
For example, a 6-fold roto-inversion ( 6 ) involves rotating
the object by 60° (360/6), and inverting through a symmetry
center.

60° rotation -

el

Inversion
center

Rotation axis



Point and Space groups

Symmetry operations generate a variety of arrangements of
lattice points in three dimensions. There are 32 unigue ways
In which lattice points can be arranged in space. These
non-translation elements are called point-groups.

A large number of 3D structures are generated when
translations [linear translation, translation + reflection (glide
plane) and translation + rotation (screw axis)] are applied to
the point groups. There are 230 unique shapes which can
be generated this way. These are called space groups.



Hermann-Mauguin Symbols

»The 32 point groups are denoted by notations called
Hermann-Mauguin symbols. These symbols basically
describe the unigue symmetry elements present in a body.

» The shape in Fig.(a) contains 1 4-fold axis, 4 2-fold axes, 5
mirror planes. 3 mirror planes and 2 2-fold axes are unique as
others can be produced by a symmetry operation. Therefore,
point group symbol for this shape is 4/m2/m2/m. The “/”
between 4 or 2 and m indicates that they are perpendicular to

each other. > -
--\-\-\-*Jcil_—':_’:/ J/ ,//
() \/‘//E N am2im2im () 2T f
E 2/m2/m2/m




Summary

dSpace lattice is arrangement of points with each point having
exactly same surroundings.

USymmetry operations restore a body to its original position.

dThere are four symmetry operations — Translation, reflection,
rotation and inversion.

dThere are 32 point groups and 230 space groups.
dHermann-Mauguin symbols are used to denote point groups.

References
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Notes
http://www.tulane.edu/~sanelson/eens211/introsymmetry.pdf
http://www.tulane.edu/~sanelson/eens211/32crystalclass.pdf



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 r,,, = ua + vb + wc, where u, v and w are integers.

' Unit Cell

The three unit vectors, a, b, ¢ 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.



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, B 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.



Simple
cubic

Tetragonal: a=b=c,a =0 =y =90°
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Crystal Systems

Cubicca=b=c,a=p=y=90°

Simple
Tetragonal

0

) pP

Body-centered
cubic (BCC)

Face-centered
cubic (FCC)

Body-centered
Tetragonal (BCT)



Crystal Systems

Orthorhombic:a#zb#c,a=p=7y=90°
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Simple Body-centered Base-centered Face-centered

Monoclinic:a=b#c, a=y=90°%

Simple Base-centered
monoclinic monoclinic



Crystal Systems

A
Py

Triclinic

Rhombohedral Hexagonal
azb=c

a=b=c a=b=#c 900
a=B=y#90° a=p=90°y=1200 *FPFV?



Crystal Systems

Crystal system
Triclinic
Monoclinic
Rhombohedral
Hexagonal
Orthorhombic
Tetragonal
Cubic

Example

K,S,04,K,Cr,0,

As,S,, KNO,,CaSO,.2H,0, S
Hg, Sb, As, Bi, CaCO,

Zn, Co, Cd, Mg, Zr, NiAs

Ga, Fe;C, o-S

In, TiO,, /Sn

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
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Crystal Planes
Miller Indices

Planes in a crystal are described by notations called Miller
Indices
“*Miller indices of a plane, indicated by h k I, are given by the
reciprocal of the intercepts of the plane on the three axes.

“*The plane, which intersects X axis at 1 (one lattice
parameter) and is parallel to Y and Z axes, has Miller indices
h=1/1=1,k=1/0=0, | =1/0o = 0. It is written as (hkl) =
(100).

“*Miller indices of some other planes in the cubic system are
shown in the figures in the next slide



Crystal Planes

? 7 z
1 l I
c ; |
(100) 1 (110)
| ) E—— L!!,.y Il i
< L = -—a7+y y
,I ; J__./ //_ﬁ
X~ | e b | _
’1*' flf { hok o1 - ] /1~ 1
A o kg 1 1 1 _
= (100 4 1 1_ = e e =01
—r (100) T T (110) =T 7 (111)

To find the Miller Indices of a plane, follow these steps:

*Determine the intercepts of the plane along the crystal axes
*Take the reciprocals

»Clear fractions

*Reduce to lowest terms and enclose in brackets ()

EX: Interceptsona, b, c: %, %, ¥4 (hkl)=(4/3, 2,4) =(2 3 6)



Crystal Planes

Planes can also have negative intercepte.g. 1, -1/2, 1

hkl=1-21. This is denoted as (151)

Family of planes {hkl}

Planes having similar indices are equivalent, e.g. faces
of the cube (100), (010) and (001). This is termed as a
family of planes and denoted as {100} which includes
all the (100) combinations including negative indices.
Some other equivalent planes are shown in the next

slide.



Equivalent Planes
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Note the shift of origin from blue to red circle for the negative indices



Planes in Hexagonal system

»In the cubic system all the faces of the cube are equivalent,
that is, they have similar indices.

»However, this is not the case in the hexagonal system. The
six prism faces for example have indices (1 0 0), (0 1 0),
(110),(100),(010),(1 10), which are not same.

c _
4 (110)

In order to address this, a fourth axis (as)
which is opposite to the vector sum of a,
and a, Is used and a corresponding fourth
iIndex I Is used along with hkl. Therefore
the indices of a plane is given by (hkil)
whre | = -(h+k). Sometime i is replaced
with a dot and written as (h k . |)




Planes in Hexagonal system

The indices of six faces now become (10 1 0), (01 1 0),
(1100),(1010),(0110),(1 100)wh|charenow
equivalent and belong tothe {1 0 1 0 } family of planes.
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Interplanar spacing
The spacing between planes in a crystal is known as
interplanar spacing and is denoted as d,,

In the cubic system spacing between the (hkl) planes is
given as 11

g7 6°+ K>+ /7
For example, d,,, of {111} planes d,,; =&/~/3
1 1 1
In Tetragonal system = P+
g y djk/ az 6 )-I_CZ

. 1 1 1 1
In Orthorhombic system T W+ — k't

a a C
Pkl

In Hexagonal system d12 = 42 6° + hk + k? )kizﬂ

3a C

hkl



Crystal Directions

The directions Iin a crystal are given by specifying the
coordinates (u, v, w) of a point on a vector (r,,,) passing
through the origin. r,,, = ua + vb + wc. It is indicated as
[uvw]. For example, the direction [110] lies on a vector ry,
whose projection lengths on x and y axes are one unit (in
terms of unit vectors a and b).

Directions of a form or family like [110], [101], [011] are
written as <110>

[001]
) [011]

[111]

<100> and <110> family <111> family



Crystal Directions

» The line which passes through uvw will also pass through
2u2v2w and %2 u %2 v %2 w. Hence [uvw], [2u2v2w] and
[V2 U Y2 v %2 w] are same and written as [uvw].

» Fractions are converted in to integers (as shown in the
figure below) and reduced to lowest terms.




Crystal Directions

To determine a direction of a line in the crystal:

UFind the coordinates of the two ends of the line and
subtract the coordinates (Head — Tail) OR draw a line from
the origin parallel to the line and find its projection lengths on
X, y and z axis in terms of the unit vectors a, b and c.

dConvert fractions, if any, in to integers and reduce to
lowest term.

Enclose in square brackets [uvw]



Directions in Hexagonal Crystal

Like planes, directions in the hexagonal system are also
written in terms of four indices as [uvtw].

If [UVW] are indices in three axes then it can be
converted to four-axis indices [uvtw] using the following
relations.

U=u-t V=v-t W=w
u=(2U-V)/3 v=(2V-U)/3 t=-(u+v)=-U+V)/3
w =W

Ex: [100]=[2 1 10], [210]=[10 1 0]



Relationship between direction and planes

In the cubic system planes and directions having same
Indices are perpendicular to each other i.e. if [uvw] direction
IS perpendicular to (hkl) plane thenh=u,k=vand|l=w
Ex: {100} planes and <100> directions are perpendicular to

each other.

If [uvw] direction is parallel to (hkl), that is if [uvw] lies in the
plane (hkl) then hu + kv + Iw = 0. For example,[ 11 0] lies
In the plane (111) since 1.(-1) + 1.1 +1.0=0

[001] )




Coordination number

Coordination number is the number of nearest neighbor
to a particular atom in the crystal

Ahnis

In the FCC lattice each atom is in contact with 12 neighbor
atoms. FCC coordination number Z = 12

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.





Coordination number

The coordination number of BCC crystal is 8.

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.



Coordination number
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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.



Atomic packing factor

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

APF — Volme of atc?ms
Volume of unit cell




Atomic packing factor

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 iIs 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.

Click here for animation




Atomic packing factor

FCC lattice
Considering the atoms as hard spheres of radius R
Total volume of atoms = 4><%72R3

The relation between R and the FCC cell side a as shown in
the figure below is +/2a =4R

4 .
X37Z-R _16X2\/§7Z'a3

a’ 3x 64a’

APF (FCC) = - 0.74




Atomic packing factor

BCC

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

J3a=4R

2 4 R
X37Z-R _8X3\/§7Ta3

a’ 3x 64a°

APF (BCC) = = 0.68




Atomic packing factor

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 Y2xa x h) xc=(3 xaxasin60°) x c
= 3a?c sin60°




Atomic packing factor

The face-centered atom and the three
mid-layer atoms form a tetrahedron
MNOP which has sides equal to a (as
atoms at vertices touch each other) and

! e

I

|

I

|

|

I

I

,... . N—

”’

o ‘| height of ¢/2. Using this tetrahedron it
4 can be shown that for an ideal
a hexagonal crystal c/a ratio = 1.633
6)(472' R3 872' 3
APF(HCP)= 3 & _0.74

3acsin60° 3x8x1.414a’



Planar density

Planar density (PD) refers to density of atomic packing
on a particular plane.

Number of atoms on a plane

Planar Density = y f plane
reao

For example, there are 2 atoms (1/4 x 4 corner atoms +

1/2 x 2 side atoms) in the {110} planes in the FCC lattice.
Planar density of {110} planes in the FCC crystal

2 2
PD = -
@) gy2a  a’
! WY g
— AVARVERE 3
Loy '

h-ﬁa-»!



Planar density

In the {111} planes of the FCC lattice there are 2 atoms
(1/6 x 3 corner atoms + 1/2 x 3 side atoms). Planar density
of {111} planes in the FCC crystal

PD = 2 = 4
(111) — 2
; J2ax~/2a \2@ V3

This is higher than {110} and any other plane. Therefore,
{111} planes are most densely packed planes in the FCC
crystal

%\/Ea%



Linear Density

Linear density (LD) is the number of atoms per unit
length along a particular direction

Number of atoms on the direction vector
Length of the direction vector

<110> directions in the FCC lattice have 2 atoms (1/2 x 2
corner atoms + 1 center atom) and the length is+/2a

D - 2 _N2
bl /2a  a

This is the most densely packed direction in the FCC lattice

AL

Linear Density =

40N



Close-Packed Structure

»FCC and hexagonal crystal structures are most highly
packed with packing efficiency of 74% (APF= 0.74). Such
structures can be described in terms of close-packed
atomic planes.

»In FCC, {111} planes are close-packed and the basal
plane (0001) is the close-packed one in hexagonal
close-packed (HCP) system. Therefore, both of these
structures can be generated by stacking of these planes.
A portion of such a stack is shown in the picture below.




Close-Packed Structure

» There are two types of voids between the atoms —
vertex up (b), and vertex down (c). The atoms in the next
layer sit on the b sites (See animation below).

»In FCC, atoms in the third layer sit over the c sites and this
repeats giving rise to ABC ABC ABC type of stacking.






Close-Packed Structure

»In HCP system, centers of atoms of the third layer lie

directly over centers of atoms of the first layer (a positions)
giving rise to AB AB AB type of stacking.




Structure-Property correlation

Aluminium (Al) is ductile while iron (Fe) and magnesium
(Mg) are not. This can be explained from their crystal
structures.

Al is FCC where as Fe is BCC and Mg is HCP.

Plastic deformation in metals takes place mainly by a
process called slip. Slip can broadly be visualized as sliding
of crystal planes over one another. Slip occurs on most
densely packed planes in the most closely packed directions
lying on that plane.

The slip plane and the direction together is called a
Slip system



Structure-Property correlation

din FCC, {111} planes are close-packed and there are four
unique {111} planes. Each of these planes contains three
closely packed <110> directions. Therefore, there are

4 x 3 =12 slip systems

din HCP, the basal plane, (0001) is the close-packed and it
contains three <1 1 2 0> directions. Hence, number of slip
system=1x3=3

dSlip in more number of slip systems allows greater plastic
deformation before fracture imparting ductility to FCC

materials Z O

\/J kj& [1210]

g
/ O [1120]

[2110]




Structure-Property correlation

Close-packed planes are also planes with greatest
Interplanar spacing and this allows slip to take place easily
on these planes.

BCC structure on the other hand has 48 possible slip
systems. However, there is no close-packed plane. Hence,
plastic deformation before fracture is not significant. Slip
might occur in {110}, {112} and {123} planes in the <111>
directions.



Evaluation

At the end of this chapter on crystallography, one should be
able to

»Understand Space lattice, Unit cells,7 crystal structure
and 14 Bravais lattices.

»Understand atomic arrangement and packing in different
unit cells.

» Derive point coordinates

» Find out miller indices of crystallographic planes and
directions.

» Correlate some properties to crystal structure.



Web References

http://www.youtube.com/watch?v=gh29mjbuxXoM&feature=relmfu
http://www.youtube.com/watch?v=8zWySde XBOM&feature=relmfu
http://www.youtube.com/watch?v=Rm-ilc7zr6Q&feature=related
http://www.youtube.com/watch?v=PWQ89UoxOK8&feature=related
http://www.youtube.com/watch?v=mQy2CdKYgX0&feature=related

Key words: Symmetry; Space lattice; Crystal structure; Miller
Indices; Close pack structure; Slip system



Examples

Ex. 1: Theoretical density calculation from crystal structure.

. . _ NA
Theoretical density, o _VCNA

n = number of atoms in the unit cell
A = atomic weight

V¢ = volume of unit cell
N, = Avogadro’s number (6.023 x 1023 atoms/mol)

Calculate the theoretical density of Al.

Al is FCC, lattice parameter, a = 4.05 A, n = 4.
Atomic weight of Al is 26.98 g/mol

p = 4: 26.98 - =2.697g/cc
¢.05x107 jx6.023x10




Examples

Ex. 2: Show the point having coordinates 1/2, 1, 1/3.

Solution: Select one of the corners of the unit cell as the
origin. Move a/2 from the origin along the x axis and mark
this point. From this point move b units along the y axis
and then c/3 units along the z axis.

Ex. 3: Draw the plane (3 1 2) in a cubic unit cell.




Examples

Ex. 4: Draw the directions [236] and [203] and [2 1 1] in a
cubic unit cell.

NV

Ex. 5: The atomic radius of Fe i1s 0.124 nm. Find the
lattice parameter of Fe.

Solution: Fe is BCC at room temperature. Therefore,

AR 4x0.124
J3a=4R and ag=_— = =0.286 nm
J3 J3




Quiz
1. Show that only four types of rotational symmetry are
possible.
2. Why it Is not possible to have 5, 7 or higher order
symmetry in crystallography?
3. What is point group? How many point-groups are possible?
4. Find out the Hermann-Mauguin symbol for a cube.
5. For a point at xyz write a translation, a reflection and an
Inversion operation.
5. What is unit cell? What is lattice parameter?
6. What is Bravais lattice? How are the Bravais lattices
obtained from the primitive cell? How many types of Bravais
lattices are there?
7. What is the effective number of atoms in a simple cubic unit
cell?



Quiz
8. What is coordination number (CN)? Show that CN for FCC
and HCP structure is 12 while it is 8 for BCC.
9. Show that packing efficiency of FCC is 74% and that of
BCC is 68%.
10. Show that the ideal c/a ratio in a hexagonal unit cell is
1.633 and calculate the packing efficiency.
11. What are the coordinates of the center atom in the BCC
unit cell.
12. What is miller index? How Is it obtained?
13. Draw the planes ( 110),(121),(2 34),(112)and
directions[1 1 1], [123], [120], [1 2 1] in a cubic unit cell.
14. Why it Is necessary to include a fourth miller index in the
hexagonal system? B
15. Convert the directions [112], [1 2 3], [110], [111], [130] to
four indices in a hexagonal lattice.



Quiz
16. What is family of planes? Draw the {111} family of planes
INn cubic system?
17. What is linear density? What is planar density?
18. Find the planar of density {111} planes and linear density
of <110> directions in FCC system.
19. What is the linear density of <111> directions in the
BCC crystal.
20. What Is interplanar spacing? Find the interplanar spacing
of the vertical planes in the HCP system?
21. What is the stacking sequence of FCC and HCP crystals?
22. What Is slip system?
23. Why FCC metals are ductile while BCC and HCP metals
are not?
24. Calculate the theoretical density of Cu from its crystal
structure.



Quiz

25. Lattice constant of Al is 4.05 A. What is the atomic
radius of Al?

26. Calculate the theoretical density of Mg, Cu and Fe and
compare them to the standard values.

27. A metal has a density of 10.22 g/cc, atomic weight of
95.94 and atomic radius of 0.136 nm. Is it BCC or FCC?
28. Calculate the volume of the unit cell of Zn crystal. a and
c of Zn are 266.5 pm and 494.7 pm respectively.

29. Calculate the planar density of {110} planes in a-Fe
(BCC) crystal. a =0.287 nm.

30. Calculate the linear density of [110] direction in a Cu
crystal. a=0.361 nm.



Perovskites

The terms "perovskite™ and "perovskite structure™ are often used interchangeably. Technically, a
perovskite is a type of mineral that was first found in the Ural Mountains and named after Lev
Perovski who was the founder of the Russian Geographical Society. A perovskite structure is any
compound that has the same structure as the perovskite mineral.

True perovskite (the mineral) is composed of calcium, titanium and oxygen in the form CaTiOs.
Meanwhile, a perovskite structure is anything that has the generic form ABXz and the same
crystallographic structure as perovskite (the mineral). However, since most people in the solar cell
world aren’t involved with minerals and geology, perovskite and perovskite structure are used
interchangeably.

The perovskite lattice arrangement is demonstrated below. As with many structures in
crystallography, it can be represented in multiple ways. The simplest way to think about a
perovskite is as a large atomic or molecular cation (positively-charged) of type A in the centre of
a cube. The corners of the cube are then occupied by atoms B (also positively-charged cations)

and the faces of the cube are occupied by a smaller atom X with negative charge (anion).

A generic perovskite crystal structure of the form ABXs. Note however that the two structures are equivalent
— the left hand structure is drawn so that atom B is at the <0,0,0> position while the right hand structure
is drawn so that atom (or molecule) A is at the <0,0,0> position. Also note that the lines are a guide to
represent crystal orientation rather than bonding patterns.

Depending on which atoms/molecules are used in the structure, perovskites can have an impressive
array of interesting properties including superconductivity, giant magnetoresistance, spin-
dependent transport (spintronics) and catalytic properties. Perovskites therefore represent an

exciting playground for physicists, chemists and material scientists.



In the case of perovskite solar cells, the most efficient devices so far have been produced with the
following combination of materials in the usual perovskite form ABXa:

e A= An organic cation - methylammonium (CHsNH3)+

e B = Abiginorganic cation - usually lead(Il) (Pb2+)

e Xs= Aslightly smaller halogen anion — usually chloride (CI-) or iodide (I-)
Since this is a relatively general structure, these perovskite-based devices can also be given a
number of different names, which can either refer to a more general class of materials or a specific
combination. As an example of this, we’ve created the below table to highlight how many names

can be formed from one basic structure.

A B X3

Organo Metal Trihalide (or trihalide)

Methylammonium Lead lodide (or triiodide)
Plumbate Chloride (or trichloride)

Diamond Structure

Diamond Crystal Structure is a metastable allotrope of carbon where the each carbon atom is
bonded covalently with other surrounding four carbon atoms and are arranged in a variation of the
face centered cubic crystal structure called a diamond lattice. Diamond is a transparent crystal of
tetrahedrally bonded carbon atoms (sp®) that crystallizes into the diamond lattice which is a
variation of the face centered cubic structure. Each carbon atom joins four other carbon atoms in
regular tetrahedrons (triangular prisms). Based on the cubic form and its highly symmetrical
arrangement of atoms, diamond crystals can develop into several different shapes, known as

‘crystal habits'.



1/2

A4

The number ‘0’ and fractions ‘%2’ , <4’ and %4’ denote the height above the base.

Graphite Structure

Graphite is a greyish black opaque substance. It is lighter than diamond and is soft and slippery to
touch. It conduct electricity. It is made up of carbon atoms only. The structure of graphite is very
different from that of diamond. It consists of layers of carbon atoms or sheet of carbon atoms.
Each carbon atoms in a graphite layer is joined to three other carbon atoms by strong covalent
bonds to form flat hexagonal rings. The various layers of carbon atoms in graphite are held together

by weak van der waals forces.



http://images.search.yahoo.com/images/view;_ylt=A0PDoS8ClQlPDyYA_bKJzbkF;_ylu=X3oDMTBlMTQ4cGxyBHNlYwNzcgRzbGsDaW1n?back=http://images.search.yahoo.com/search/images?p=structure+of+graphite&fr=slv8-&fr2=piv-web&tab=organic&ri=66&w=390&h=423&imgurl=chewtychem.wiki.hci.edu.sg/file/view/graphite.jpg/213112794/390x423/graphite.jpg&rurl=http://chewtychem.wiki.hci.edu.sg/Giant+Covalent+Structure&size=24.9+KB&name=The+structure+of+graphite&p=structure+of+graphite&oid=69b7837256343d5c24a85b3c415b9b7e&fr2=piv-web&fr=slv8-&tt=The+structure+of+graphite&b=61&ni=84&no=66&tab=organic&ts=&sigr=11qabnhr6&sigb=13br7gfqe&sigi=12gcio95v&.crumb=W/w.FNcJcxx

The structure of graphite is very different from that of diamond. It consists of layers of carbon
atoms or sheet of carbon atoms. Each carbon atoms in a graphite layer is joined to three other
carbon atoms by strong covalent bonds to form flat hexagonal rings. The various layers of carbon
atoms in graphite are held together by weak van der waals forces. Due to the sheet like structure,

graphite is comparatively soft substance. Graphite is good conductor of electricity because due to

the presence of free electrons.

Uses of Graphite:

e Graphite can be used for lubricating those machine parts which operate at very high
temperature.
e Graphite is used for making graphite electrodes in dry cells and electric arcs.

e Graphite is used for making the cores of our pencils called pencil leads.

Hexagonal Closed Packed Structure

e It consists of three layers of atoms.

e The bottom layer has six corner atoms and one face centred atom.

e The middle layer has three full atoms.

e The upper layer has six corner atoms and one face centred atom.

e Each and every corner atom contributes 1/6 of its part to one unit cell.

e The number of total atoms contributed by the corner atoms of both top and bottom layers
is1/6 x12=2.



The face centred atom contributes 1/2 of its part to one unit cell.

Since there are 2 face centred atoms, one in the top and the other in the bottom layers,

the number of atoms contributed by face centred atoms is 1/2x 2 = 1.

Besides these atoms, there are 3 full atoms in the middle layer.

Total number of atoms present in an HCP unit cell is 2+1+3 = 6.

CO-ORDINATION NUMBER (CN)

e The face centered atom touches 6 corner atoms in its plane.

e The middle layer has 3 atoms.

e There are three more atoms, which are in the middle layer of the unit cell.

e Therefore the total number of nearest neighbours is 6+3+3=12.

ATOMIC RADIUS (R)

Consider any two corner atoms.

Each and every corner atom touches each other.

Therefore a = 2r. i.e., The atomic radius, r = a/2.

ATOMIC PACKING FACTOR (APF)
APF =
V=6 x4/3 ar
Substituter =,
v=6x4/3r

v = 1a’



AB = AC=BO = ‘a’. CX = where ¢ — height of the hcp unit cell.
Area of the base = 6 x area of the triangle — ABO

=6 x 1/2 x AB x OO’
Area of the base =6 x 1/2 xax OO’

In triangle OBO’ [0'oB = 30°
c0s30° =
. 00"=acos30°=a
Now, substituting the value of OO/,

Area of the base =6 x 0.5 x a x0.866 a

3»\/37a2

- 2

V = Area of the base x height
CALCULATION OF c/aRATIO

In the triangle ABA', |A"AB = 30°

AA'

Cos30°= AB

. AA'=ABcos30°=a



But AX= AA'=

ie. AX=.
2
L N
4 L 3J a’ 3 a 3
Now substituting the value of to calculate APF of an hcp unit cell,
APF= 2T j%
8

33
-
33 242

-. APF =

Packing Fraction =74%
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IMPERFECTIONS IN CRYSTALS

» ISSUES TO ADDRESS...

- How do defects affect material properties?
- What types of defects arise in solids?
 Are defects undesirable?



Crystalline Imperfections

There is no such thing as a perfect crystal!
* Thermodynamically “impossible”
* “defects” lower the energy of a crystal & make it more stable

« always have vacancies and impurities, to some extent

Defect does not necessarily imply a bad thing

» addition of C to Fe to make steel

« addition of Cu to Ni to make thermocouple wires

» addition of Ge to Si to make thermoelectric materials
« addition of Cr to Fe for corrosion resistance

* introduction of grain boundaries to strengthen materials

...... and so on

“Defect” (in this context) can be either desirable or undesirable.
In general, a defect simply refers to a disruption in the crystalline
order of an otherwise periodic material.



Crystal imperfections are broadly classified
Into four major classes as below:

1)Point defects (Zero dimensional)

2)Line defects (One dimensional)

3)Planar or surface defects (Two dimensional)
4)Volume defects




1) Point Defects

Atoms In solid possess vibrational energy, some
atoms have sufficient energy to break the bonds
which hold them in egbm position. Hence once the
atoms are free they give rise to Point Defects.

Classes of point defects:
Vacancy/Schottky
Interstitial/Frenkel
Impurities

Substitution

Interstitial




Vacancies

A lattice position that Is vacant because the atom is
missing

There are naturally occurring vacancies in all crystals
The concentrations of vacancies increase with:
Increasing temperature

decreasing activation energy



Vacancies

e -vacant atomic sites In a structure.

Vacancy

distortion

of planes




Self-Interstitial

* If the matrix atom occupies its own interstitial site, the
defect is called Self Interstitial.

o Self-interstitials in metals introduce large distortions In
the surrounding lattice.

self-

Interstitial
distortion
of planes




For lonic Solids, Frenkel and Schottky defects are
likely to form.

Schottky Defects

When cation vacancy Is associated with anion vacancy, the
defect is called Schottky Defect.

Frenkel Defects

When an atom leaves its regular site and occupy nearby
Interstitial site It gives rise to two defects I.e. one vacancy
and other self interstitial these two defects are called as
Frenkel Defects.




DEFECTS IN CERAMIC
STRUCTURES

* Frenkel Defect
--a cation is out of place.

* Shottky Defect
--a paired set of cation and anion vacancies.

Adapted from Fig. 13.20,
Callister 5e. (Fig.13.20 is
from W.G. Moffatt, G.W.
Pearsall, and J. Wulff, The
Structure and Properties
of Materials, Vol. 1,
Structure, John Wiley and
Sons, Inc., p. 78.) See Fig.
12.21, Callister 6e.

_Op /KT
_ e 9D

* Equilibrium concentration of defects



2.L1ne Defects (One dimensional)

A dislocation is a line discontinuity in the regular crystal
structure.

A part of the line will be missing from its regular site and this
missing row is dislocation. The dislocation is centered along a
line and hence the line defect is called dislocation.

The dislocation is a boundary between the slipped and
unslipped region and lies in the slip plane

The structure and behaviour of dislocations affect many of the
properties of engineering materials.

There are two basic types:
1)Edge dislocations

2)Screw dislocations.



1)Edge dislocation

An Edge dislocation in a metal may

be regarded as the insertion (or removal)
of an extra half plane of atoms in the
crystal structure.

In lonic and Covalent solids edge
dislocations involve extra half planes

of unit cells.

If we consider a perfect crystal to be made up of vertical
planes parallel to one another and to the side faces. If one of
these vertical planes does not extend from the top to

the bottom of crystals but ends part way within crystal, it is
called as edge dislocation.



* Berger vector Is perpendicular to dislocation
line.

edge
dislocation
line







2) Screw dislocation

In screw dislocation ,there iIs transformation of successive
atomic planes into the surface of helix around dislocation line
due to shear stress 1.e. it follows

helical or screw path.

A screw dislocation can be imagined as being produced by
cutting the crystal partway through with a knife and then

shearing one part of the crystal with respect to the other parallel
to the cut.
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Line imperfection or dislocation are defects that cause lattice
distortions.

Dislocation are created during:

» Solidification

» Permanent deformation of crystalline solid
» Vacancy condensation

» Atomic mismatch in solid solution

Different types of line defects are:
» Edge dislocation

» Screw dislocation

» Mixed dislocation

p 17



An edge dislocation is created in a crystal by insertion of extra half

planes of atoms. Edge Dislocation

{ J_ Posfuve ec!ge} { T : Negajcwe ed.geJ

dislocation dislocation

In figure 4.18, a linear defect occurs in the region just above the
inverted T, where an extra half plane of atoms has been wedged in.

Figure 4.18 : Positive edge dislocation in a crystalline lattice.




Screw Dislocation

The screw dislocation can be formed in a perfect crystal by
applying upward and downward shear stresses to regions of a
perfect crystal that have been separated by a cutting plane as
shown in Figure 4.20a.

Dislocation line
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HIH D~ Figure 4.20a
- Formation of a screw dislocation:
A perfect crystal is sliced by a cutting plane, and up and
down shear stresses are applied parallel to the cutting
plane to form the screw dislocation as in (b).

Cutting plane

(a)



These shear stresses introduce a region of distorted crystal lattice
in the form of a spiral ramp of distorted atoms or screw dislocation
as Figure 4.20b.

Screw dislocation
line
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Figure 4.20b
Formation of a screw dislocation:
A screw dislocation is shown with its slip or Burgers
vector b parallel to the dislocation.



The region of distorted crystal is not well defined and is at least
several atoms in diameter.

A region of shear strain is created around the screw dislocation in
which energy stored.

The slip or Burgers vector of the screw dislocation is parallel to
the dislocation line as shown in Figure 4.20b.
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Most crystal have components of both edge and screw dislocation.
Mixed Dislocation

Dislocation, since have irregular atomic arrangement will appear as
dark lines when observed in electron microscope.

‘-;..gs,* R < A
- & bt 4 ;

Dislocation structure of iron deformed
14% at —195°C




3.Planar or Surface defects

(Two dimensional)

» Planar defects arise due to change in the stacking of atomic
planes during mechanical and thermal treatments.The change
may be of the orientation or of the stacking sequence of the
planes.

» Planar defects are of following types:
A. Graln boundaries

B. Tilt boundaries

C. Twin boundaries



regions of different crystalline orientation (i.e. grains) within a

A Grain Boundary is a general planar defect that separates
polycrystalline solid . Grain boundaries are

usually the result of uneven growth when the solid

A) Grain Boundaries
Is crystallizing.
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B) Tilt Boundaries

When the angle between two crystals is less than 10 ,the

distortion is not so drastic as to be compared with a non
crystalline material . They are also called low angle boundaries.

It can be described as set of parallel, equally spaced edge
dislocation of same sign located

one above other.
A Tilt Boundary, between two slightly
O O O

mis-aligned grains appears
. N O O OO

as an array of edge
. . olo
dislocations. p
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C)Twin Boundaries

These are the boundaries in the grains at which the atomic
arrangement on one side of the boundary is the mirror image of
the atoms on the other side .The volume of material which has
an orientation similar to the mirror image of the matrix
orientation is called a twin.

The plane is called
twinning plane.




4. \Jolume Defects

Volume defects such as stacking faults may arise when there is
only small dissimilarity between the stacking sequence of close
packed planes in FCC and HCP metals.

Stacking faults are of two types called as intrinsic and extrinsic
Intrinsic fault results in one break whereas extrinsic fault
results in two breaks in the sequence

The volume defects may affect their mechanical, electrical and
optical properties.



Solid Solutions

m Solid Solutions

m Substitutional Solid Solution
® Hume-Rothery Rules

m |nterstitial Solid solution

® |ntermediate Phases



= Solid Solution or an Alloy is a phase, where two or more elements
are completely soluble in each
other.

= Solid solutions have important commercial and industrial applications, as such
mixtures often have superior properties to pure materials.

= Many metal alloys are solid solutions.
m Fx: Cu-Ni,Au-Ag etc.

" In a solid solution, the metal in the major proportion is called the
solvent (host or parent or matrix) and the metal in the minor
proportion is called the solute



® There are two types of Solid Solutions:
i.  Substitutional Solid Solution

ii. Interstitial Solid Solution



Substitutional Solid Solution

=ln this type of solid solution, the solute atoms substitute the atoms
of solvent in the crystal structure of the solvent.

The substitutional solid solution are generally ordered at lower temperatures
and at higher disordered temperatures.

s Temperature is the deciding factor.

Substitution solid solution

. Solvent metal atom
. Solute el ement atom




® There are two types of substitutional solid solutions:
i. Ordered Substitutional Solid Solution (OSSS)
ii. Disordered Substitutional Solid Solution (DSSS)

OSSS: In this type, the solute atoms substitute the solvent atoms in an
orderly manner, taking up fixed positions of symmetry in lattice. This solid
solution has uniform distribution of solute and solvent atoms.

DSSS: In this type, the solute atoms do not occupy any fixed positions but are
distributed at random in the lattice structure of solvent. The concentration
of solute atoms vary considerably through out lattice structure.

0 tit mnal
aom

Isordarec Substtutional Sl Salution Ordereds ubs i Salid Salutian

Ordleredt & Disorciered substitutional solid solution



RULES FOR FORMATION OF SOLID SOLUTION

HUME-ROTHARY RULES:

> These are the rules which govern the formation of Solid Solutions.

> In other words, only when these rules are satisfied,a substitutional solid solution is formed.

|.Crystal Structure Factor:

For complete solubility of two elements, they should have the same type of crystal lattice.

For example,Au-Ag solution, both should have FCC structure.

2. Relative Size Factor:

= The atoms of the solute and solvent should have the same atomic size approximately.

This factor is satisfied if the difference of atomic radii of two elements is less than |5%.

3



3. Electro-negativity:

mHigher the electro-negativity, greater is the chance of forming an
intermediate phase rather than a solid solution.

mElectro-negativity is the tendency to acquire electrons.

4. Relative Valence Factor:

mAm rlg %WP metals, which hecllve satclffie all the above rules, th
R‘jeﬁa | ower. valency tends to dissolve more of a metal o
igher valency and vice-vérsa. 7



Interstitial Solid Solution

mThese are formed when atoms of small
atomic radii fit into the
interstitial spaces of larger solvent atoms.

mAtoms of elements such as carbon, nitrogen,
boron, hydrogen, etc. which have radii less than
| Acare likely to form interstitial solute atoms
and may dissolve more readily in transition
metals such as Fe, Ni, Mn, Cr, etc. than in other
metals.

Interstitial solid solution

‘ Solvent metal atom

. Solute element atom
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Intermediate Phases

= Intermediate phases are those phases whose chemical
compositions are intermediate between the two pure metals

and generally have crystal structure different from those of
the base (parent) metals.

= An alloy can be made up of a solid solution phase entirely
or can exist along with an intermediate phase.

= An intermediate phase here is nothing but a
compound and is made up of two or more
elements of which at least one of them is a metal.



= A compound is a chemical combination of positive and negative valence elements.
i.e., atoms of different elements are combined in different proportions and are
expressed by chemical formulae like H,O, NaCl, etc.

" When a compound or intermediate phase is formed, the elements lose their
individual identity and properties to a good extent and the compound will have its
own characteristic physical, mechanical and chemical properties.



m There are three most common
intermediate alloy phases:

i.Intermetallic orValency Compounds
ii.Interstitial Compounds

iii.Electron Compounds



Intermetallic or Valence Compounds

"When alloy phase are exclusively metal-metal systems, they are called
intermetallic compounds.

mThese are formed between chemically dissimilar metals and are combined by
following the rules of chemical valence.

#The combination is usually non-metallic and show poor ductility and poor electrical
conductivity and have complex crystal structure.

= Examples for intermetallic compounds: Mg,Pb,Mg,Sn, CaSe, Cu,Se



Interstitial Compounds

® These are similar to interstitial solid solutions except that they have more or less a
fixed composition.

= Example:Fe;C.

= The interstitial compounds are metallic in nature, have high melting points and are
extremely hard.



Electron Compounds

m These are of variable compositions and do not obey the valence law, but have a definite
electron to atom ratio.

Example:CugAl,
m Each Cu atom has | valence electron and each Al atom has 3 valence electrons.

® So |3 atoms which make up the compound have 21| valence electrons with electron to
atom ratio being 21:13

= Electron compounds have properties same as those of solid solutions — wide range of
compositions, high ductility and
low hardness.



DEFINITION OF PHASE

Phase 1s Homogenous, physically distinct and mechanically
separable part of the system

Phase diagram for pure substance

Pure substance- It is a substance constant
Chemical composition throught its mass . -
it may exist in one phase or more than one phase
liquid

solid

If you look at the diagram, you will see
that there are three lines, three areas

marked "solid", "liquid" and “Vapour", and |
two special points marked "C" and "T". . e

i.11 atm 1t

termperature



hree areas

AEddUIE

At point 1 in the diagram, the substance would
be a solid because it falls into that area of the .
phase diagram. At 2, it would be a liquid; and at sold
3, it would be a Vapour (a gas)

vapour

9 termnerat lry'

Moving from solid to liquid by changing the temperature:

ncoouc

(fusion line)

If increases the temperature while keeping c
the pressure constant - as shown in the
figure. As the temperature increases to the solid

point where it crosses the line, the solid will increase temperature
turn to ||qU|d at consfant pressure

liquict
—

.
(solid melts at higher temperature)

vapour

temperatur

Solid melts at this temperature



PI CoouIc

30lid melts when the

ressure drops o
e '“‘“«-ﬂ_ﬁﬂ__ decease pressure c
- ata constant
temperature
solicl
liquid
Y
N
vapour
(Vap0urlsat|0n ||ne) temnerahin
The liquid will change to a Vapour - it boils ™
- when it crosses the boundary line
between the two areas c
increase temperature
/ at constant pressure
solid >

As the pressure increases, so the boiling
point increases.

decease pressure
ata constant
temperature

vapour

temnermhim



Critical point

In liquid-vapour equilibrium curve has a top limit at
that point C in the phase diagram. It is called critical
point. The temperature and pressure corresponding to
this are known as the critical temperature and critical
pressure.

If you increase the pressure on a gas (Vapour) at a
temperature lower than the critical temperature, you
will eventually cross the liquid-Vapour equilibrium line
and the Vapour will condense to give a liquid

NTOOVIT

Shortcut Def

the intersection of saturated
liquid line and saturated Vapour
|ine solid

ata constant
temperature

liquid

vapour

C the oitical point
increase pressure
'

the oitical temperature

termnemahie




Moving from solid to Vapour (sublimation line)

If the temperature and pressure fell exactly on same line, there
would be solid and Vapour in equilibrium with each other - the
solid would be subliming. (Sublimation is the change directly
from solid to Vapour or vice versa without going thro! b tha

JIiESoduIe

liquid phase.)
C
The triple point

solid o
At point T on the diagram is called the triple point. i
The combination of temperature and pressure :
where all three phases are in equilibrium vapour
together. That's why it is called a triple point.

increase temperature ata termperatu

constant pressure
Def- - -
The intersection of fusion line, Vapourisation line and sublimation line

|s called triple point




2-D Representation of phase diagram

Pressure

L
L
compressible ¥ conreriticnl fud
Ligud :
L
critical poim
gusenus phase
catxcal
empeRam

Temperature




Phase Diagrams of Water and Carbon
Dioxide
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Types of phase diagrams

1) ISOMORPHOUS SYSTEMS

2) EUTECTIC SYSTEMS

1) ISOMORPHOUS SYSTEMS

THESE diagrams are loop type and are obtained for two metals
Having complete solubility in the liquid state as well as solid state

Ex — cu/Ni, au/ag



(*C)

Temperature

Examples

Composition (at% Ni)

- 0 20 40 60 80 100
1600 T | T I ] | | =
— 2800
1500 [—
Liquid 1453°C
2600
1400 —
c
- Solidus line o
Liguidus line 2400 ,J_=-'
1300 ]
)
- 3
8
1200 — 2200
1100 # 2000
1085°C
1000 | | | |
0 20 40 60 80 100
(Cu) Composition (wt% Ni) (Ni)

Cu-Ni phase diagram
Temperature- Composition
Binary isomorphous diagram



L ever rule

Used to find the composition of phases.

LIQUID
Ws - Woﬂl
- - Ll

~ LIQUID & SOLID
We-W, 2 Th---2 e
—_ < I I |
Wy = WeW, o : : i
W W, - a
- | . SOoLD |
| | :
! | !

A Wi Wo Ws B

PERCENT WEIGHT OF B



Binary phase diagram

On a two component or binary diagram three variables
can be represented. These are generally pressure (P),
temperature (T) and compositional changes (X)

To graphically represent a Binary diagram one variable
must be kept constant, which is usually P, and the phase
diagram is plotted as a T-X diagram for a specific
Pressure.Ex- isomorphous systems

_iqund

Temoaratire
e

o Al 8

r
EandL |

4, Cormnositicn %5



Eutectic systems —
These diagrams are obtained for having complete solubility in the

liquid state and complete insolubility in the solid state
Ex- Pb/As ,bi-cd, th -ti

Eutectic cguilibrimm diagram {(5h - Fh Cd -Hi)
|
T.L : [
L ] P I
1 L Com
L+A 4
- s k
[ £
.;__l E
E I I
= b OA+E
=" ¥
= I
- :
% L i Ly H
Canceniration of B in A




The Iron-lron Carbide Diagram

e A map of the temperature at which different phase
changes occur on very slow heating and cooling In
relation to Carbon, is called Iron- Carbon Diagram.

* |ron- Carbon diagram shows
e the type of alloys formed under very slow cooling,

e proper heat-treatment temperature and
e how the properties of steels and cast irons can be
radically changed by heat-treatment.




Cooling curve for pure iron

Temperature

1538°C

1394°C

912°C

770°C

Liquid

\

8 -iron (BCC)

y -iron (FCC)

Paramagnetic

o -iron  (BCC)

<
<

magnetic

«— Ferro —>!

Time —



IRON-CARBON (Fe-C) PHASE DIAGRAM

Pure iron: 3 solid phases
BCC ferrite ()
FCC Austenite (y)
BCC o

Beyond 6.7% C
cementite (Fe3C)
Eutectic: 4.3% C
L-y+ Fe3C

(L -solid + solid)
Eutectoid: 0.76% C
y+a+ Fe3C
(solid - solid + solid

Temperature (°C)

1600

Composition (at% C)
10 15

20

25

1400

| !

2500

1200
2000
1000
800 r—3 1500
-\0.76
\ 0.022
60011~ a, Ferrite a+ FesC
Cementite (Fe3C) S 1000
- | | | | |
0 1 3 4 5 6 6.70
(Fe) Composition (wt% C)

Ficuri

1 9.21

Phase Diagrams, 2nd edition, Vol. 1, T. B. Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM International, Materials Park, OH.]

The iron—iron carbide phase diagram. [Adapted from Binary Alloy

Temperature (°F)



How to read the Fe-C phase diagram

eutectoid 4

emperature
g 2
/ (=

/ME /7

Eutectic

Liquid (L)

2066°F (1130°C)

v+ FesC~ Solid

Temperature, °C

corr /21/200' F(723 C)
errite & ]
800 I~ ‘/ o+ FesC
Solid
/ﬁv" PSSt
Pearlite N e
0 ~3 4 8 &6
Fe

Steel

% lron carbide (FB? C

Cast iron

%

Pearlite and
Cementine
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Carbide



Definition of structures
Various phases that appear on the Iron-

Carbon equilibrium phase diagram are
as under:

Ferrite

Pearlite

*Austenite

Cementite

L edeburite

*Martensite



Definition of structures
Ferrite 1s known as «a solid solution.

It 1S an Interstitial solid solution of a small amount of
carbon dissolved in o (BCC) Iron.

stable form of iron below 912 deg.C

The maximum solubility iIs 0.025 % C at 723°C and it
dissolves only 0.008 % C at room temperature.

It is the softest structure that appears on the diagram.
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Definition of structures

Pearlite 1s the eutectoid mixture
containing 0.80 % C and is formed at
723°C on very slow cooling.

WA ,J'; /
“\ { \\\ f/J



Definition of structures

o Austenite 1s an interstitial solid solution of Carbon
dissolved in ¥ (F.C.C.) iron.

e Maximum solubility is 2.0 % C at 1130°C.

* High formability, most of heat treatments begin with
this single phase.

e |t Is normally not stable at room temperature. But,
under certain conditions It is possible ;
austenite at room temperature.




Definition of structures
Cementite or iron carbide, is very hard, brittle
Intermetallic compound of iron & carbon, as Fe,C,
contains 6.67 % C.
It is the hardest structure that appears on the diagram,
exact melting point unknown.
Its crystal structure Is orthorhombic.
It is has
e |low tensile strength (approx. 5, OOO p5|) but
e high compressive strength. -

e



Definition of structures
e |_edeburite 1s the eutectic mixture of

austenite and cementite.

* |t contains 4.3 percent C and is formed at
1130°C.



Definition of structures
Martensite - a super-saturated solid solution of carbon In

ferrite.

It is formed when steel is cooled so rapidly that the change
from austenite to pearlite Is suppressed.

The interstitial carbon atoms distort the BCC ferrite into a
BC-tetragonal structure (BCT).; responsible for the
hardness of quenched steel



iy

W\ R
- - . ~
Fig. 78 The microstructure of (a) austenite, 500X; (b)
ferrite, 100X; (c) pearlite, 2,500X; (d) pearlite, electron micro-

graph, 17,000X; enlarged 3X in printing. (a, b, and ¢, Re-
search Laboratory, U.S. Steel Corporation.)
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Various Features of Fe-C diagram

Composition [2t% C}

18002 5 10 15 20 25
1538 I I I I
1453°C
1400 Ll =
ol —|{ 2800
S = ol
(— _ﬂ_'___'____,_——"—
L2 11474C e
= =
£ — +, Austenib= el = — 2pog
5 5
E 1000 — E
§ 3T v # FegC E
[ [
ap H—= —|{ 1500
;, 7T
\\:}.?5
0.023
a00 \k. Ferrite: FegC
C=mentite {Feg Gy ____; 10300
| | | | | |

400

1] 1 2 4 4 5 & &7
{Fe) Composition (Wt ©1

Froue %22 The iron—iron carbide phase disgram. {Adapted from Sirary
Alfay Phase Dingrams, 2nd edition, Yol. 1, T. B. Massalski, Editor-in-Chisf,
L9, Reprinted by permission of ASM International, Materials Park, OH.)

Reactions
Peritectic L+ 0 =7y

Eutectic L =y + Fe;C

Eutectoid y = a0 + Fe,;C

Phases present
*Liquid(l)

*0:BCC structure,Paramagnetic
*a ferrite:BCC structure,
Ferromagnetic,Fairly ductile

v austenite:FCC structure, Non-

magnetic,Ductile
*Fe,C cementite:Orthorhombic,Hard, brittle

Max. solubility of C in ferrite=0.022%

Max. solubility of C in austenite=2.11%



Three Phase Reactions

A horizontal line always indicates an invariant reaction
In binary phase diagrams
Peritectic reaction at 1495°C and 0.18%C,
o d-ferrite + L« y-iron (austenite)
 (almost no engineering importance).
Eutectic reaction at 1147°C and 4.3 %C,
e L < y-iron + Fe,C (cementite) [ledeburite]
e alloys called cast irons
Eutectoid reaction at 727°C and 0.77%C,

* y-iron <> o-ferrite+Fe,C (cementite) [pearlite]
e They are steels



The Iron-Iron Carbide Diagram

The diagram shows three horizontal lines which indicate
Isothermal reactions (on cooling / heating):
e First horizontal line i1s at 1490°C, where peritectic reaction
takes place:
Liquid + & < austenite
e Second horizontal line Is at 1130°C, where eutectic
reaction takes place:
liquid <« austenite + cementite
e Third horizontal line Is at 723°C, where eutectoid reaction
takes place:
austenite <« pearlite (mixture of ferrite &

cementite)



Cast Irons

-Iron-Carbon alloys of 2.11%C or
more are cast Irons.

-Typical composition: 2.0-
4.0%C,0.5-3.0% SiI, less than
1.0% Mn and less than 0.2% S.

-Si-substitutes partially for C and
promotes formation of graphite
as the carbon rich component
Instead Fe,C.

Temperature °C

1400

1200

1000

800

600

. ==w=: Fe-Fey C diagram
—  Fe-graphite diagram

Liquid
&
graphite

¥+ graphite
or

o+ graphite y+ carbide

or
« + carbide

| I l ] l
0 1 2 3 4 5 6

Woeight percent carbon
or carbon equivalent



The Austenite to ferrite / cementite transformation in

relation to Fe-C diagram
[ Jaustenive K| "}
E:}ferrite
-wmantite i

. AUSTENITE (p)

———

AUSTENITE +  FERRITE AUSTENITE
R : : 7230
FERRITE (@)™ | \\ L1 FERRITE + CEMENTITE
T00[ 0.02% | I
_—'-'_-—.
—
—
—
/
600[-
I 1.2% C steel
o0 ) | oexcom t o 1.4 % CARBON
0.4% C steel 0 0.2 0.4 0.6 0.8 1.0 1.2 -

Fig. 9.3—The austenite — ferrite/cementite transformation in relation to the iron—carbon diagram.



The Austenite to ferrite / cementite
transformation in relation to Fe-C diagram

The iron wants to change crystal structure from
the FCC austenite to the BCC ferrite, but the
ferrite can only contain 0.02% carbon in solid
solution.

The excess carbon Is rejected and forms the
carbon-rich intermetallic known as cementite.



The Austenite to ferrite / cementite transformation in

Hypo-eutectoid steel showing primary cementite along grain boundaries
pearlite



The Austenite to ferrite / cementite transformation in relation
to Fe-C diagram

Hypo-eutectoid steels: Steels having less than 0.8% carbon
are called hypo-eutectoid steels (hypo means "less than").

Consider the cooling of a typical hypo-eutectoid alloy
along line y-y°.
At high temperatures the material is entirely austenite.

Upon cooling It enters a region where the stable phases are
ferrite and austenite.

The low-carbon ferrite nucleates and grows, leaving the
remaining austenite richer in carbon.



The Austenite to ferrite / cementite transformation in
relation to Fe-C diagram

Hyper-eutectoid steels (hyper means "greater than")
are those that contain more than the eutectoid amount
of Carbon.

When such a steel cools, as along line z-z' , the process
Is similar to the hypo-eutectoid steel, except that the
primary or pro-eutectoid phase IS now cementite

Instead of ferrite.



Principal phases of steel and their
Characteristics

Crystal o
Phase y Characteristics
structure
Ferrite BCC Soft, ductile, magnetic
Austenite FCC Soft, moderate strength,
non-magnetic
Cementite Compound of Iron & Hard &brittle

Carbon Fe,;C




Applications

It is used tailor properties of steel and to heat treat them.

It is also used for comparison of crystal structures for
metallurgists in case of rupture or fatigue
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HEAT TREATMEN

Course Objective

The aim of this course is to gain an understanding of the role of heat treatmetiieq
development of microstructure and properties of metallic materials. Theecaiitighlight a
number of commercially-significant applications where heat treatmentrguertant.

Course Overview

This course covers the theory of heat treatment including the kinetic prscgdl solid state

transformations. The influence of time on phase transformation is investigdike
interpretatiol of IT anc CT diagram to predic transformation anc resultin¢ microstructure is

covered. Hardenability of steel is studied including factors influencingdraability and the

use of hardenability curves in the selection of steels for given applicatims effect of]
thermal gradients and phase transformations on distortion and residual stiesat itreated

products is studied. With addition of this it covers heat treatment of somdeglecn-ferrous

alloys and ferrous alloys.

1 =4
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L ear ning Outcomes

the course is to supply the student with a basic understanding of the modern heaemte

processes and reheating principles. Upon completing the required coursdveosk,ident cal

explain the reasons for the heat treatment and its effects on the finalrpesps the product.

With the help of a short theoretical background. 3
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Objective

N

Heating and cooling a solid metal or
alloy in a way so as to obtain specific
conditions and/or properties

e



O To increase strength, hardness and wear resistanldeh@rdening, surface hardening)

O To increase ductility and softnesie(npering, Recrystallization Annealing)

[ To increase toughnes$gmpering, Recrystallization annealing)

 To obtain fine grain sizeRecrystallization annealing, Full annealing, Normalizng)

 To remove internal stresses induced by differential deformation by woldking, non-
uniform cooling from high temperature during casting and weldigegs relief annealing)

O To improve machinabilityKull annealing and Normalizing)

O To improve cutting properties of tool steelddrdening and Tempering)

O To improve surfact propertie (surface hardening, high temperature resistance-
precipitation hardening, surface treatment)

O To improve electrical propertiefRécrystallization, Tempering, Age hardening)

O To improve magnetic propertieslérdening, Phase transfor mation)

Temperature|

Holding time

Heat Treatment Process variables

Heating rate

Cooling rate

Furnace atmospherfe




Classification of steels

4
4

d

Compositions, such as carbon (or non alloy ), low -alloy, alhaly steels

Manufacturing methods , such as converter, electric flenawr electroslag
remelting methods

Application or main characteristic, such as structural ql,t®tainless steel, ¢
heatresistant steels.

Finishing methods, such as hot rolling, cold rolling, aagtior controlled rolling
and controlled cooling.

Product shape, such as bar, plate, strip, tubing, or stalghape

Oxidation practice employed, such as rimmed, killed, sdlak and cappe(
steels.

Microstructure, such as ferritic, pearlitic, martensiaad austenitic

Required strength level, as specified in the American $pder Testing anc
Materials (ASTM) standards.

Heat treatment, such as annealing, quenching and tempeaingcooling
(normalization), and thermo-mechanical processing.

Quality descriptors and classifications, such as forginglity and commercia

L

r

quality.

Q




Classification of steels

Stelels

Low Alloy High Alloy

low c'arbon Med c:arbon high éarbon
<0.25Wwt% C 0.25-0.6wt% C 0.6-1.4wt%C

|J_| | I | | L

| »
Name plain HSLA plain pest plain tool augteﬁltlc
| | .~ treatable ™ stainless
.. Cr,V Cr, Ni dr, \/, :
Additions none .. none none Cr, NI, Mo
1 NII Mo 1 Mp 1 MC)]W 1
Example 10_10 43_10 10_40 43_40 10_95 4;I.9_O SQ4
Hardenability O + + ++ ++ +++ 0
TS : 0 + ++ + ++ 0
EL + + 0 - - - ++4+
| | | | | 1 _ |
Uses auto bridges crank pistons  wear drills high T
struc. towers shafts gears  applic. saws applic.
sheet press. bolts wear dies turbines
vessels hammers applic. furnaces
| blades V. corros.
resistant

Increasing strength, cost, decreasing ductility

10



Allotropic Transformation in lron

O Iron is an allotropic metal, which means that it can exist in more thantgpe of lattice
structure depending upon temperature. A cooling curve for pure iron is shown below:

1539°C o Liguid
0 (delta) Fe- B.C.C

1400PC|] 0 e
T v (gamma) Fe- F.C.C
O .
T Non Magnetic
-
T 9100C| N
S Non Magnetic\, @ (alpha) Fe-B.C.C )
S TBRC| T e
2

o (alpha) Fe- B.C.C
Magnetic

Time —

Can be other allotropic structures are possible....? H



Effect of pressure on allotropy of Iron

This line slopes upward as at cons;tjant
T if we increase the P the gas will

A e -4 liquefy as liquid has lower volume
(similarly the reader should draw
horizontal lines to understand the effect
of pressure on the stability of various
phases- and rationalize the same).

--"" Increase P apd gas will
liguefy on crossing phase
boundary

3000
Liguid

|.{ Phase fields of non-close packed

o (BCC) e— . .
| "Q g e structures shrink under higher pressyre

2000|_/

Phase fields of close packed structures
‘| expand under higher pressure

These lines slope downward as: Under
higher pressure the phase with higher
=1 packing fraction (lower volume) is
preferred

The face centered tetragonal (FCT) irescoherently deposited iron grown as thin film on a
{100} plane of copper substrate. Growingrigonal ironon mis-fiting {111} surface of a face
centered cubic copper substrate. e



Iron - Cementite phase diagram

The Fe-C (or more precisely the Fe;E¢ diagram is an important one. Cementite |

S a

metastable phase and ‘strictly speaking’ should not be included in a phase di&ygm.

the decomposition rate of cementite is small and hence can be thought of as
enough’ to be included in a phase diagram. Hence, we typically consider the,Eg&e:
of the Fe-C phase diagram.

In the phase diagram, temperature is plotted against composition. Any point ¢
diagram therefore represents a definite composition and temperature. ase qgiagran
indicates the phases present and the phase changes that occur during heating ang
The relative amounts of the phases that exist at any temperature can attoniatezl with
the helg of level rule.

A portion of the Fe-C diagram — the part from pure Fe to 6.67 wt.% cartmngsponding
to cementite, Fe,C) —istechnologically very relevant.

Cementite is not a equilibrium phase and would tend to decompose into Fe andar
This reaction is sluggish and for practical purpose (at the microstructwel) leementite
can be considered to be part of the phase diagram. Cementite forms asdtagackadily
as compared to graphite.

Compositions upto 2.1%C are called steels and beyond 2.1% are calledorest lin
reality the calssification should be based on ‘ castability’ and not just on carbon content.

Heat treatments can be done to alter the properties of the steel by mgditye

microstructure— we will learn about this in coming chapters.
13
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Fe-Fe;C metastable phase diagram

i i 0.1
Peritectic FRa _
L+3>7 RN v. Eutectic
L > v+ FegC
// /’i\
= “Z00
MGUECHIE)] / T 1147°C GT)
2 il Hypo Eutectic Hyper Eutectic 5
' @
= Ledeburite a
' I ¥ 723°C =
l 4.3 res @
R =) :
/ fasi Bg
0.025%C |58 5& !
/! Lﬁ i o !
Eutectoid |/ [a (Ferrite) +iFe,C (Cementite)] = Pearlite
Y~ o+ FeC Steels I Cast rons
0.008 0.8 6.7

Fe % Carbon— Fe,C
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Carbon Solubility in Iron

Solubility of carbon in Fe = f (structure, temperature)

Whereis carbon located in iron lattice ?

Octahedral
sites

6 faces sharing with two sides (6/2)=3 One interstitial site in center plus

12 edges sharing with four sides (12/4)=3 12 edges sharing with four sides (12/4)=3
Total sites is (3+3), 6 per unit cell Total sites is (1+3), 4 per unit cell

Every one Fe atom we have 3 interstitial sife$ Every one Fe atom we have 1 interstitial site



Why concentration of carbon in a-Fe with BCC structure

IS less than y-Fe with FCC structure?

I I Iy N N B BNR O Wiy W

O

OO0

FIRST LET US CONSIDER FCC STRUCTURE (y-Fe)

Packing factor of FCC lattice 0.74

This indicates the presence of voids. Let us discuss it more elaborately.
In a FCC crystal there are mainly two types of voids:

Tetrahedral: coordination number (CN) is 4. That means the void is surrounded by 4 [
Octahedral: CN is 6. That means the void is surrounded by 6 atoms.
There are 8 tetrahedral voids in a unit cell. That means 2 voids per atom.
There are 4 octahedre voids in a unit cell. That mean 1 void peli atorr.
However, impurities prefer to occupy octahedral voids.

Because the ratio of the radius of the tetrahedral void to atom is 0.225 andribd®@athe
octahedral void is 0.414.

The ratio of the radius of the carbon atom (size is 77 pm) to Fe (when it has Gl is
0.596.

So when a carbon atom occupies any void, lattice will be distorted to incleasmthalpy.
Distortion will be less if it occupies the octahedral voids.
Although it increases the enthalpy, carbon atoms will be present up to @ncesttent

atoms

because of the gain in entropy, as explained previously, which decreases teeefrgléya




Carbon Solubility in Iron

FCC

w01 00y

D ove -

Relative sizes of voids w.r.t atoms

| Fe _ 1 .
carson  pFe 2] D92A

S~a -

Size of the OV FCC (OCt) O 534A

Size of Carbon atom | C — 077 A
BCC

Notethe differencein size of the atoms

L FCC Size of the largest atom which can fit into the tetrahedr@l225 and octahedral void is 0.414
U BCC Size of the largest atom which can fit into tt¢etrahedral is 0.29 andl.octahedral void is 0.154

i F A AC0 A
et rie. =1.258A

R

Size of the TV XBCC (d tet) O 364A

w01 00y

Relative sizes of voids w.r.t atoms

Size of the OV XBCC (d OCt) — 019515\

I] Remember 1




Why concentration of carbon in a-Fe with BCC structure is less

than y-Fe with FCC structure?

0 NOW LET US CONSIDER THE BCC UNIT CELL (o - Fe)

O Packing factor of BCC lattice 0.68. So total void in a BCC unit cell is higher #@@ cell.

 However, there are 12 (6 per atom) tetrahedral and 6 (3 per atom) octhheidis present
This number is higher than the number of voids present in a FCC unit cell.

L Unlike voids in FCC lattice, in a BCC lattice the voids are distoridtat means if an atom si{s
in a void, it will not touch all the host atoms.

L The ratio of the radius of tetrahedral void to atom is 0.29 and the radius dfexita void to
atom is 0.155.

L The ratic of the radius of the C atorr (size is 77 pm) to Fe (wher it has BCC crystal is 0.61z.
So itis expected that in a BCC unit cell, impurities should prefer tetrahedrds.

O However, although the octahedral void size is small, planar radius wiashl atoms on the
same plane is 79.6 pm, which is larger that the C atom size. That meansdsttoadistort only,
other two atoms.

L On the other hand if C sits in the tetrahedral void it has to distort all faumnat So ino — Fe
with BCC unit cell C occupies the octahedral voids

O Now the octahedral void size in g-Fe (FCC) is higher than a-Fe (BCC). Soatigt the
distortion in a BCC cell will be higher and the activation energy for impesito occupy &
void in a BCC cell also will be higher.

O This is the reason that we find much lower solubility limit of C in a-Fe. 18
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Why carbon preferentially sits in the apparently smaller octahedral void in BCC ?

Ignoring the atom sitting at B and assuming the interstitial atonmdmtdne atom atAL

OA=r+X, \/_a VBFgc = 1.258A [

> [6r BCC : +/3a = 4r - '
M+ X, = 3 :

%a = [2—*/6— } 0.632¢

r

OX =x,=0.796A OY=x,=0.195A X (dtet)=0364A | .




Characteristics of phases appeared In
Fe-Fe,C phase diagram

20




a

O

C OO0

It is an interstitial solid solution of a small amount of carbon dissolved: imon. The
maximum solubility is 0.025%C at 728 and it dissolves only 0.008%C at roc
temperaturelt is the softest structure that appears on the diagram.

Ferrite is ferromagnetic at low temperatures but loses its magnetic properties with the rise
of temperatures with major loss at curies temperatures, 768°C and above this temperature
becomes non magnetic (paramagnetic).

The crystal structure of ferritax) is B.C.C
Tensile strength — 245 Mpa, Yield strength 118 Mpa

Elongation — 40-50% in 2 in.
Hardness - 95 VPN

o(Ferrite) contains
B.C.C structure

21



Cementite (Fe;C)

d Cementite or iron carbide, chemical formulagEecontains 6.67%C by weight and it ig a
metastable phase.

O It is typically hard and brittle interstitial compound of low tensile strén(85 Mpa) but
high compressive strength and high hardness ~800VPN.

O Itis the hardest structure that appears on the diagram.

O It has a complex orthorhombic crystal structure with 12 iron atoms and 4 cartws @ier
unitcell.

O It is slightly ferromagnetic up to 22Q and paramagnetic above it. Melting point around
122°FC.

Cementite networ k

(12 atoms)

azb#c
azﬁzyzgoo

Orthorhombic




 Peatrlite is the eutectoid mixture containing 0.80 ¢
and is formed at 72&€ on very slow cooling.

O It is very fine platelike or lamellar mixture of ferrit
and cementite. The fine fingerprint mixture call
pearlite is shown in below figure.

O The weight % of these two phases are thus in r
8:1

Tensile strength — 120,000 psi or 825 Mpa
Elongation — 20 percentin 2 in.

D00

Hardness — HRC 20, HRB 95-100, or BHN 250-30

Pearlite (a+Fe;C)

723

Hyper
Eutectoid

-

S T

3

o ©

)
Eutectoid

. Fine , © Pearlite Coarse

¥ H

0.8 %C =

ﬂ Remember...! ‘I

Pearlite is a not a
phase but combination
of two phases (ferrite
+ cementite)
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Austenite (y)

O It is an interstitial solid solution of a small amount of carbon dissolved iron and has
FCC crystal structure. The maximum solubility is 2.1%C at PCA7

O Austenite is soft, ductile tough and malleable (FCC structure) and nognetia
(paramagnetic).

O Steels are commonly rolled and forged above about A1 ®then they are in austenite state
due to its high ductility and malleability, which is also due to its FCQtire.

Tensile strength — 150,000 psi or 1035 Mpa
Elongation — 10% in 2 in.
Hardnes - 395 VPN anc Toughnes is high.

D OO
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Ledeburite (y+Fe;C)

O Ledeburite is the eutectic mixture of austenite Jand - Eutectic
cementite. It contains 4.3%C and is formed at PCAT K‘ FesC
O Structure of ledeburite contains small islands of\ tﬁﬁ
austenite are dispersed in the carbide phase. /.il Hypo E Hyper Entectie
L Not stable at room temperature {r{A hstenite) + FesC{Ceemtit)]) = Lodeburit
4‘_3 123°C =

The pearlite is resolved in some regigy
where the sectioning plane makes|™@
glancing angle to the lamellae. Th
ledeburite eutectic is highlighted by t .
arrows. At high temperatures this is
mixture of austenite and cementite for
from liquid. The austenite subsequen
decomposes to pearlite.




Ferrite (0)

O Interstitial solid solution of carbon in iron of body centere
cubic crystal structure.s(iron ) of higher lattice paramet
(2.89A) having solubility limit of 0.09 wt% at 1495°C witf
respect to austenite. The stability of the phase ranges be
1394-1539°C.

O It is a high temperature phase and is a high tempera
manifestation ofx ferrite.

ferrite

~

O This is not stable at room temperature in plain carbon steel. Howevan ibe present at
roomr temperatur in alloy stee speciallyduple» stainles stee.




Invariant Reactions in Fe-Fe,C
Phase Diagram




Peritectic Reaction

a

The invariant peritectic reaction in Fe-feediagram is given by

L o-ferrite Cool

N S Austenite (y)
0.51%C 0.1%C 1495°C 0.17% C

Thus Liquid, wt%is | _ 0.16-0.1

= x100=14.63%
0.51-0.1

Thus & ferrite, wt % is  o( ferrite) = %551_ 00'116><10C =85.37%

Fe-0.16%C steel is a peritectic steel because only this steel undergoes aehotient
completely.

Peritectic reaction is of some importance during freezing of steelbdonafrom 0.1 to
0.51% particularly under fast cooling conditions, when micro segregation Eswit)
otherwise no commercial heat treatment is done in this region.

Unfortunately these temperatures are attained during heating of steé&sdimig or rolling
etc., then severe overheating and burning results in steels turning therapden.

28



Eutectic Reaction

a

The invariant Eutectic reaction in Fe-feediagram is given by

Liquid (L) Cool Austenite (y) N Cementite

0.17%C 1147°C 2.11%C 6.67 % C
6.67—4.3
' % isy = x100=51.97%
Thus Austenite, wt% isy 667_211 0
43-2.11

x10C=48.03%

< . onic FeC =
Thus cementite wt % is F&; 6.67—211

Fe-4.3%C alloy is called eutectic cast iron as it is the lowest ngelpioint alloy, which ig
single phase liquid (100%) of 4.3% carbon at the eutectic temperature, 1147 4itqused
and undergoes eutectic reaction completely at this constant eutectic &unpdo give &
mixture of two different solids, namely austenite and cementite, $gidj simultaneously
The eutectic mixture calleldedeburite.

As Fe-C alloys having more than 2.11% carbon are classed as cast irong-halfeys
having carbon between 2.11 and 4.3% are caligab eutectic cast irons, where as thos
having carbon between 4.3% and 6.67% are cdilgabreutectic cast irons. Alloys of Fe

with 4.3% carbon is calledutectic cast iron.
29
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Eutectoid Reaction

a

The invariant Eutectoid reaction in Fe-fediagram is given by

Austenite(y) Cool Ferrite(a) N Cementite

0.8%C 727°C 0.02%C 6.67 %C
6.67—- 0.8
Thus Ferrite, wt% is 6.67—0.07 0
Thus cementite, wt % is Fe,C = 08-002 x100=12%
6.67—-0.02

During cooling austenite of 0.8% at constant eutectoid temperature, 727°C und

eutectoid transformation to form a mixture of ferrite (C%=0.02%) andestite i.e., there

are alternate lamellae of ferrite and cementite .

This eutectoid mixture of ferrite and cementite is callgdARLITE, because of its pearly

appearance under optical microscope.

The weight % of these phases are thus 8:1. The densities-&87 gm/cm) and (FgC- -
7.70 gm/cm) are quite comparable. Thus the Volume % also approx 8:1. Thus f
lamilla is 8 times thicker than cementite lamilla. as the two bourdanif cementite plat
are close together, they may not resolved separately under the micrpstsipad of twa

lines, it appears a single dark line.
30
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Eutectoid Reaction

O Phase changes that occur upon passing from~ythe
region into thex+ Fe,C phase field. oo

O Consider, for example, an alloy of eutectoid

composition (0.8%C) as it is cooled from a temperature
within the y phase region, say 800°C - that |is,
beginning at point‘a’ in figure and moving down
vertical xx. Initially the alloy is composed entirely of™
the austenite phase having composition 0.8 wt.% C|an

then transformed ta+ Fe,C [pearlite] 800

O The microstructur for this eutectoic stee thatis slowly | ||
cooled through eutectoid temperature consists|’®
alternating layers or lamellae of the two phaseand
F%C 600

[ The pearlite exists as grains, often termed “colonies”
within each colony the layers are oriented in essentiail
the same direction, which varies from one colony to
other.

1.0 2.0

O The thick light layers are the ferrite phase, and the ————
cementite phase appears as thin lamellae most of which
appear dark.

v
* | |
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Eutectoid Structure

Austenite grain
boundary

\

Austenite

Austenite 7

Cementite

Growth direction
(FesC)

of pearlite

Carbon diffusicn

Hadgh

Schematic representation of the formation of pearlite from
austenite; direction of carbon diffusion indicated by arrows




Hypo Eutectoid Region

Hypo eutectoid region — 0.008 to 0.8 %(

Consider vertical lineyy’ in figure, at
about 875°C, point, the microstructure
will consist entirely of grains of they
phase.

In cooling to point d, about 775°C, whig

IS within the a+y phase region, both the:
phases will coexist as in the schemg
microstructure Most of the smallo
particles will form along the originaly
grain boundaries.

Cooling from pointd to g, just above the

eutectoid but still in thex+y region, will
produce an increased fraction of the
phase and a microstructure similar to t
also shown: thea particles will have

™M 100
4

N1 000

5€
800
\{IC

700

v

nat

900 §

&00

50O |

400

Ul [} }Pearl'rte

Eutectoid o

Proeutec

toid o

grown larger.

Composition (wt% C)

2.0
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Hypo Eutectoid Region

O Just below the eutectoid temperature, at pdinall the y phase that was present |at
temperatures will transform pearlite. Virtually there is no changedrphase that existed at
point e in crossing the eutectoid temperature — it will normally be present amtncious
matrix phase surrounding the isolated pearlite colonies.

O Thus the ferrite phase will be present both in the pearlite and also as the thlaasormeo
while cooling through thex+y phase region. The ferrite that is present in the pearlite is
called eutectoid ferrite, whereas the other, is termed proeutectmdr(ing pre- or beforg
eutectoid) ferrite.




Hyper Eutectoid Region

Hyper eutectoid region — 0.8 to 2.1 %C

Consider an alloy of composition,dn figure
that, upon cooling, moves down the ling'. At

point g only they phase will be present and the

microstructure having only gamma grains.

Upon cooling into they+ Fe,C phase field <

say to point h — the cementite phase will beg

to form along the initial y grain boundaries;

similar to the o phasi in point d. this cementit
is called proeutectoid cementite that which
forms before the eutectoid reaction.

As the temperature is lowered through |
eutectoid to point I, all remaining austenite
eutectoid composition is converted in
pearlite; thus the resulting microstructy
consists of pearlite and proeutectoid cemer
as microconstituents.

11040

1000

800

>

80O

Temperatute T°C) gy

700

he

of &00H

to
re
tite

500

400
0

Proeutectoid
Fe 3'3

Eutectoid FesC

rlite

Composition (wt% C)

2.0
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Concept of Primary Ferrite & Primary Cementite

a

When the carbon content of steels is much away from the eutectoid carbordistiaction
can easily be made between hypoeutectoid steels and the hypereutezdbidNgal is the
common etching agent.

Shape of the phases

a

a

Proeutectoid ferrite appears as grains which are quite wide, polghadd the grair
boundaries in between neighboring ferrite grains can be seen.

The films of pro eutectoid cementite generally are much thinner, hawguiaeoutlines and
bounded by sharp lines. These are present as network of needles or platefetnti
looks muct brightel anc shary becaus of its hardnes anc etchin¢ characteristic.

Major difference is cementite is present as network at the grain bounddrpesarlite (at
RT), whereas ferrite is present as grains (equiaxed polyhedral graihsynain boundaries
in between ferrite grains (if etched properly).

\v Q)

PEARLITE ) PEARLITE
Microstructu
resof (@)  emeNTITE b
Hypereutecto ™ oo sy
id steel (b)) AND SHARP é |
Hypoeutectol LINES FERRITE-WIDER POLYHEDFW'-
o Sl EQUIAXED GRAINS WITH

a BOUNDRIES, BUT DULL



Concept of Primary Ferrite & Primary Cementite

Relative Hardness

[ Cementite is very hard (~800 VPN) and ferrite is (~95 VPN). Micro harsitesting can b
done to distinguish between ferrite and cementite.

O A simple scratch test can be done. Make a scratch on the polished &ed staface of th
steel and then, examine the point of the scratch where it enters thepsbdetectoid phas
from the peatrlite.

O If the scratch widens on entering, it is the soft phase ferrite, andhiins in white phase
then the white phase is much harder than pearlite, i.e, it is cementite.

a EMENTITE FERRITE b

&W«ﬂh =

Y

SCRATCH BECOMES SCRATCH WIDENS
Special Etchants THIN IN WHITE PHASE INWHITE PHASE

Relative hardness of ferrite
and cementite distinguishes
them (a) Hypereutectoid

steel (b) Hypoeutectoid steel SCRATCH

L Nital etching causes cementite as well as ferrite to look white undeostope
d A sodium picrate solution used either boiling or electrolytically, darken€ feeit not o’

O Another etchant based on sodium thiosulphate and ammonium nitrate gives colies ferr
but not cementite. 38




Fe-Fe;C phase diagram (microstructural aspects)

L=liquid, Cm=cementite, LB=ledeburité=delta ferrite a=

15§9°C N L alpha ferritep’= alpha ferrite(0.00005 wt%G)=austenite,
N P=pearlite, eu=eutectic, ed=eutectoid, I=primary,
0.09 ll=secondary, lll=tertiary
8+’Y \ . 1227°C
o +’y //
1394°C I 4.
i +Cm, )
O B : Sy A,=1147°C
o L (v Cmy ) LB (v ey E i(g:" )
) | +Cmy)+Cm,) | Me
S . I
- o -
§ 20 D 2 E F
o - I m
g 770°C £
a.
- ; ’ o A=727°C
a | (P(aed'l-crned)-'-cml)-'- LB (P(aed+crned) 3: d+Crned)
. +Cm+Cmy) ! me)+Cm
¢ . |
MDY PO ey | (Plaedd g Cy ) FCM +Cmy)+ i
/» ) +HCMy) LB ((P(ae(@’ egt €My )+Cmy) : edtCMy)+Cneg)
' +Cm)+Cm,) | Cm,)+Cm °
, " Pt L gt A Rt A s A =210°C
0.0000% \ 6.67

Weight percent carbon
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Evolution of Microstructures on equilibrium cooling

 Sequence of evolution of microstructure can be described by the projected cool
compositions A, B,C, D, E, F.

O At composition A
Lo>d+L>8-0+y—>y—>y+a »a—a +Cm,
O At composition B
Lo>d+LoL+y, »y—a +y— o +(P(ay,+Cmy) =, (a +Cm,, )+ P(a, (, +Cm, ) +Cm,,)
0 At composition (
Lo>L+y, > y—7,+Cm, - P(ar, +Cm,)+Cm, — P(e (ay +Cm,)+Cm,)+Cm,
O At composition D
Lo>L+y, =y +LB=y (5, +Cm,)+LB(y,(y, +Cm,)+Cm,)
— (P(a, +Cm,)+Cm,)+LB (P(a, +Cm,)+Cm, +Cm,,
— (P(ay(ay +Cm,, ) +Cm,)+Cm, )+ LB ((P(e (e +Cm,, ) +Cm,)+Cm,)+Cm,)

40
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Evolution of Microstructures on equilibrium cooling

 Sequence of evolution of microstructure can be described by the projected cooling on
compositions A, B,C, D, E, F.

O At composition E
L—L+Cm — LB(y,+Cm,+Cm)— LB (y,(y, +Cm,)+Cm,)+Cm,

— LB (P(a, +Cm,)+Cm,)+Cm,,)+Cm,
— LB ((P(ay (@, +Cm, )+Cm,)+Cm,)+Cm_)+Cm

O At compositiol F
L - FeC
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Application of Lever rule in
Fe-Fe,C phase diagram

42




Solved
Example

For a 99.6 wt% Fe-0.40 wt% C at a temperature just below
eutectoid, determine the following:

a) The amount of R€, ferrite () and pearlite

b) The amount of pearlite and proeutectoid ferritg (

0.02 /
a) Theamount of Fe,C and ferrite (o) O 0.4 6.67
_ 0.4-0.025 m m
Percentage dte;C = ——_ -+ 100

Percentage of Fe;C in 0.4 % C steel is5.64 % T(°C)

'IEDE’?
1400

.rr+l|'_

12004 ¥ 48~ —TiFeC| @

(alistenite) =

Percentage of Ferrite)in 0.4 %C steel = (100- 5.64)%o0d o 2

3

il

L&

Percentage of ferritein 0.4 % C stedl = 94.36% = = ;‘3
6.67 — 0.4 ~ . ™ T2 3 % & écﬁ_?
Percentage of ferrite= «100 = 94.36% Co C,, W% C i

6.67 — 0.025

43
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b) Phase fraction of pearlite and proeutectoid ferrite (a)

0.4 -0.025 . 100
0.8-0.025

Percentage of pearlite =

Percentage of pearlite=48 % m

m Pearlite

Percentage of proeutectoid ferrite (a) in 0.4 % C steel = (100- 48)%

Per centage of proeutectoid ferrite (a) = 52 %

08-0.4
1 1 = * = 0
Percentage of proeutectoid ferrite 08—0025 100 = 52%
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Critical Temperature lines

1,600

ferrite

ferrite

iron} -~ 05087 15 2 25 3 35 4 45 5§

—————— carbon content (percent)  X-gxis
1

d In general, A — Subcritical temperature, A lower critical temperature, A- upper critical
temperature, A— Eutectic temperature,A- Peritectic temperature and A- y/y+cementite
phase field boundary.

O While heating we denoted as AAc, Ac; etc., c’ stands for chauffage (French word),
which means heating and while cooling we denoted as AAr, Ar, etc.,‘r’ stands for
refroidissement, (French word) which means cooling. a5




Critical Temperature lines

O The upper — and lower critical temperature lines are shown as single lines (under
equilibrium conditions and are sometimes indicated\gasA, etc. When the critical line
are actually determined, it is found that they do not occur at the same temperatur

O The critical line on heating is always higher than the critical line ooling. Therefore, th
upper critical line of a hypo eutectoid steel on heating would be labgle@nd the sam
line on coolingA,; The rate of heating and cooling has a definite effect on the temperature
gap between these lines.

[

The resulte of therma analysi:
of a series of carbon steels wit
an average heating and cooling
rate of 11°F/min are shown in

kﬂgure. ——
&)

QFinal word...! with infinitely slow
heating and cooling they would
probably occur at exactly the same
temperature.

W
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Effect of alloying elements on Fe-Fe,;C phase diagram

Based on stabilizing Austenite

d Mn, Ni, Co, Cu, Zn increase the range in whigiphase, or austenite is stable [by raising|A
and lowering A temperature and also tend to retard the separation of carbides.

O These elements havephase FCC crystal structure (or similar structure) in which these
elements are more soluble than ferrite, and that is why, indthe) two phase equilibrium,
these segregate in austenite in preference to ferrite.

O Elements like carbon and nitrogen (interstitial solid solution formingmants) are alsp
austenite stabilizers.

Based on stabilizing Ferrite

d Cr, W, Mo, V, Si, Al, Be, Nb, P, Sn, Ti, Zr increase the rangergfhase (by lowering pand
raising A; temperatures).

O These elements hawephase BCC crystal structure (or similar structure) and thus-+)(
two phase equilibrium , these elements segregate in ferrite in pnefete austenite. These
elements decrease the amount of carbon soluble in austenite, and thus tend &seitlcee
volume of the free carbide in the steel for a given carbide content.

O Chromium is a special case of these elements as at low concentrations , whrtoniers
A, temperature and raises, Aut at high concentrations raiseg femperature. Overall, the
stability of austenite is continuously decreased.
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Effect of alloying elements on Austenite phase region Mn, Cr

= Mn is Austenite stabilizer
= Expansion ofy phase field witht Mn

Temperature—

Outline of they phase fielg----- -

0 0.4 0.8 1.2 1.€
C (%) —

-

,,,,,,, Outline of they phase fielc

Temperature—

= Cr is Ferrite stabilizer
= Shrinkingy phase field withf Cr
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Effect of alloying elements on Fe-Fe,;C phase diagram

Carbide forming elements

O Important elements, in this class, are arranged in order of increadingyafior carbon, and
thus the carbide forming potential of the element :

Fe—-Mn—-Cr—-W-—-Mo—-V —->TIi—Nb—Ta— Zr
O For example, vanadium is added in steel having chromium and molybdenum| with
insufficient carbon, then vanadium first removes carbon from chromium carbide, the

remaining vanadium then removes carbon from molybdenum carbide and forms its own
carbide. The released Cr and Mo dissolve to form solid solution in austenite.

Graphitising elements

O Si, Ni, Cu, Al are common graphitizes. Small amount of these elementsegl san
graphitise it and thus, impair the properties of steel unless elements ohideisi@bilizer
are present to counteract the effect.

Neutral element

O Cois the only element which neither forms carbide, nor causes graphitisation.
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Effect of alloying elements on Fe-Fe,;C phase diagram

Effect on Eutectoid composition

O All the elements lower the eutectoid carbon content. Titanium and molybdemanthe
most effective in lowering it.

O For example, a steel with 5% Cr has its eutectoid point at 0.5%C as compa@ed in
carbon steels. High speed steel has eutectoid point at 0.25% carbon.

Effect on Eutectoid temperature

O Elements like Ni, Mn i.e., the austenite stabilizers lower the eok@temperature (727°C).
Ferrite stabilizer: like Cr, V, W etc. raise the eutectoictemperatur.
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Limitations on Fe-Fe,;C phase diagram

d Fe-FgC diagram represents behavior of steels under equilibrium conditions, whereas the
actual heat treatments of steels are normally under non-equilibrium conditions.

 The diagram does not indicate the character of transformation of austeniteasutt
bainite, or martensite.

The diagram does not indicate the presence of metastable phases like maxebsife.
It does not indicate the temperature of start of martensit@ibainite B.

It does not indicate the kinetics of the transformation of austenite to magebainite or
even pearlite.

O It doet nolindicate the possibilitie« of suppressin the peatrlitic or bainitic transformation.

OO0
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Strengthening Mechanisms in Steels

Solid Solution Strengthening

O Solid solution strengthening is a phenomenon that occurs when the number of iﬁpurity
atoms in the lattice of the basic element is so small that they are ibleapiforming both
stable and metastable precipitation phases under any thermal treatmenbasndit

[ Consider the influence of carbon, which is statistically uniformly distribunethe lattice of
the a-iron, on the structure and properties of a-iron. Solubility of carboa-iron is much
lower than in they-iron. It forms interstitial solid solutions with both irons.

O However, whereas theiron lattice has sufficiently large pores for implantation of carlpon
atoms, the cubic lattice of theiron suffers, upon introduction of carbon atoms, a tetragpnal
distortior similar to the one of the martensit lattice excep that in the formel cast the
distortion is much smaller.

O In addition, implantation of carbon atoms causes the entire lattice af-then to expano
somewhat. For example, at a carbon content of 0.015% the lattice constaraseerag
room temperature by 0.025c.

O The yield stress rises most dramatically with an increase in tH®snaconcentration from
107 to 104 -102%. The influence that carbon exerts on plastic deformation resistdiice [0
a-phase is due to both its strong interaction with dislocations and pinning ofsloediions
and elastic deformations arising as a result of the tetragonal distortidre @-phase lattice
after implantation of carbon atoms.

L Dissolution of part of the carbon in thephase and suggests that the solid solution strengthenmiting @hase is on¢
of the factors providing the high strength properties oéintediate transformation products. 52
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Strengthening mechanisms in steels

Grain Size Refinement

L Austenite passes to other phases during cooling, its grain size representgpartant
characteristic of steel. This is due to the fact that all structuralpmorants are formed
within each separate crystal.

L The smaller the austenite grains, the finer the network of excess fartieiaboundaries
and the smaller the pearlite colonies and martensite crystals. Theredofine grain
corresponds to a fine crystal fracture of steel and vice versa at the tatum@s where
austenite has already precipitated.

O Impac strengtl is especiall' sensitive to the austenit grair size anc it decrease with grair
enlargement. A decrease in the dimensions of pearlite colonies inside tilaé anistenite
grain favors a rise in impact strength also.

O Although the grain size has a considerable effect on impact strength, usmaef is small i
any on the statistical characteristics of mechanical propertiels aachardness, fractufe
stress, yield stress, and specific elongation. Only the actual giae affects stee
properties, the inherited size has no effect.

L However, the technological process of heat treatment is determined by th&edgrain.
For example, a hereditarily fine-grained steel may be deformed at a Hagheerature with
the assurance that the coarse-grained structure will not occur.

A\ "4
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Strengthening mechanisms in steels

Dispersion strengthening

O In the majority of metal alloys, precipitation of supersaturated smidtions formed durin
guenching is followed by precipitation of disperse particles enrichedtams of the
alloying components. It was found that the strength (hardness) of the atloyesases wit
the precipitation of these particles. The increment in the value dfetleharacteristic
increases as the dispersion and volume fraction of the particles ircrBais phenomeno
has been referred to as dispersion strengthening.

d When a solid solution of carbon in-iron is cooled be low point A carbon shoul
precipitate as cementite with lowering of the carbon solubility and a edser i
temperatur. This proces is realizec unde sufficiently slow cooling which is accompanie
by diffusion processes, leading to the formation of cementite.

O In the case of abrupt cooling , e.g. , water quenching, carbon has no time to @tecipi
supersaturated a solid solution appears. At room temperature the desanoeint of carbo
can correspond to its maximum solubility of 0.018%. During subsequent storage at room
temperature (natural aging) carbon tends to precipitate from the solitiosolCarbon
enriched regions appear predominantly in defective sections of the matroipiRagon of
carbon from a supersaturated solid solution during natural aging resultrmvement o
its strength characteristics and hardness. However, plastic chaacse—reduction o
area, specific elongation, and impact strength are impaired. A clgaoigounced vyiel
stress appears after a long natural aging. Hardness may increase by 50% bwutthbas
guenched stat e. The phenomenon of dispersion strengthening is observed. 54




Strengthening mechanisms in steels

Work Hardening

d

d

d

An important method used to strengthen steels is deformation strengthenmegmgt8éning
achieved with crystal deformation can be judged from the shape of stregs-€sinzes.

The actual shape of these curves largely depends on the crystal lattice tyy@enoétal, its
purity, and thermal treatment.

In the case of cubic lattice metals, strengthening curves are paraboliceashéor

hexagonal lattice metals a nearly linear dependence is observed betwe&esheand the
strain.

This facl suggesi thal plastic deformatiol strengthenin is determine mainly by the
interaction of dislocations and is associated with the structural chahgéesnipede the
movement of dislocations.

Metals with a hexagonal lattice are less prone to deformation strengthdmangctubic
lattice metals because the hexagonal lattice has fewer easy slimsyste

In cubic lattice metals, the slip proceeds in several intersecting peme directions.

\V
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Classification

| HEAT TREATMENT |

‘/\

BULK SURFACE
Annealing Tempering
Normalizing Hardening Thermal Thermo-Chemical
Full Annealing 1 Flame Carburizing/
Recrystallization Annealing Induction Nitriding
e
Stress Relief Annealing ' aser Cyaniding
idizati ' Boronizin
Spheroidization Annealing  Electron Beam g
Diffusion Annealing Chromizing

Partial Annealing

P

Process Annealing 135




Annealing
Full Annealing\

d The steel is heated above, (for hypo-eutectoid steels)A; (for hyper-eutectoid steels)
—(hold) —»then the steel is furnace cooled to obtain Coarse Pearlite

1 Coarse Pearlite hasHardness? Ductility

d Not aboveA,, —to avoid a continuous network of proeutectoid cementite along grain
boundaries-Gpath for crack propagation)

910°C

Full Annealing
723°C

Spheroidization A,
Recrystallization Annealing
Stress Relief Annealing

0.8 %
Wit% C 136



RechstaIIization Annealinb

d The Heat belowA; — Sufficient time— Recrystallization

T

Cold worked grains> New stress free grains

 Used in between processing steps (e.g. Sheet Rolling)

91Q0°C

Full Annealing
723°C

Spheroidization A,
Recrystallization Annealing
Stress Relief Annealing

0.8%

Wt% C 137



Stress Relief Annealing
Residual stresses Heat belovwA,

Differential cooling Annihilation of dislocations,
polygonization

Martensite formatio

— Machining and cold working ***

Full Annealing

—) W@'dlﬂg 723°C

Spheroidization A
Recrystallization Annealing
Stress Relief Annealing

|
0.8 %
Wit% C
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Annealing
Spheroidization Annealing

Heat below/abovA , (Prolonged holding*)
Cementite plates> Cementite spheroids 1 Ductility

tempering
O Driving forceisthe reduction in interfacial energy

O Used in high carbon stedl requiring extensive machining prior to final hardening and

high-carbon steels) maximum machinability is important.
condition they are excessively soft and “gummy”.

ductility.

O The spheroidized structure is desirable when minimum hardness, maximumty umtfln
O Low-carbon steels are seldom spheroidized for machining, because in the syl

O Medium-carbon steels are sometimes spheroidization annealed to obtaimung

oidi

*1f the stedl is kept too long at the spheroidized-annealing temperature, the cementite
particleswill coalesce and become elongated thus reducing machinability
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Diffusion Annealing

O This process also known as homogenizing annealing, is employed to remove anyratfuct
non-uniformity.

O Dendrites, columnar grains and chemical inhomogeneities are generallywedsarthe
case of ingots, heavy plain carbon steel casting, and high alloy ststehgs. These defects
promote brittleness and reduce ductility and toughness of steel.

O In diffusion annealing treatment, steel is heated sufficiently above theerupritical
temperature (say, 1000-1200°C), and is held at this temperature for prolongedsperi
usually 10-2C hours followed by slow coolinc.

 Segregated zones are eliminated and a chemically homogeneous coarsetaghiis|s
obtained by this treatment as a result of diffusion.

 The coarse grained structure can be refined either by plastic working fotsirar by
employing a second heat treatment for castings.

O Hypoeutectoid and eutectoid steel castings are given full annealintmeg wherea:
hypereutectoid steel castings are either normalized or partially amifealéis purpose.

V)
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Partial Annealing

a

a

a

Partial annealing is also referred to as intercritical annealingaomplete annealing. In th
process, steel is heated between thead the A or A, Itis followed by slow cooling.

Generally, hypereutectoid steels are subjected to this treatrRestultant microstructure
consists of fine pearlite and cementite. The reason for this is that granement takes
place at a temperature of about 10 t6G@bove Ag for hypereutectoid steels.

As low temperature are involved in this process, so it is cost effectivefthlzannealing

Process Annealir

O In this treatment steel is heated to a temperature below the loweattemperature, and

held at this temperature for sufficient time and then cooled. Since it is arisoéic
annealing, cooling rate is of little importance

The purpose of this treatment is to reduce hardness and to increase ductibtg-eiarked
steel so that further working may be carried out easily. It is an Intdiaie operation and is
sometimes referred to as in process annealing. The process is lesssiegpéhan
Recrystallization annealing.
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Normalizing

Heat abové\; |A ,,— Austenization— Air cooling— Fine Pearlite itjgbenhheddassy)

910°C

Refine grain structure prior to hardening

ey, o
My
/ Full Annealing
723°C —
Purposes To harden the steel slightly Spheroidization A
\ Recrystalllization Annealing
Stress Relief Annealing

To reduce segregation in casting or forgings T

y

T~

O In hypc-eutectoic steel: normalizing is done 5C°C above the annealinitemperatur

cementite does not form a continuous film along GB

d In hyper-eutectoid steels normalizing done above, A~» due to faster cooling

|\ -4

Annealed Vs Normalized

Annealed Normalized

Less hardness, tensile strength and toughness Slightly haydness, tensile strength and toughne

PSS

the optical microscope optical microscope

Pearlite is coarse and usually gets resolveq Pgarlite is fine and usually appears unresolved \

vith

Grain size distribution is more uniform Grain size disttibua is slightly less uniform

Internal stresses are least Internal stresses are sligbtly
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Heat abové\, | A_,,— Austenization— Quench (higher than critical cooling ratg)

O Certain applications demand high tensile strength and hardness valuedsatsdahé
components may be successfully used for heavy duty purposes. High tensilenstiedgt
hardness values can be obtained by a processes knddardsning

O hardening process consists of four steps. The first step involves heatingéhéosdbove
Astemperature for hypoeutectoid steels and aboytemperature for hypereutectoid stegls
by 5¢°C.

O The second step involves holding the steel components for sufficient sockingfdime
homogeneol austenizatio.

O The third step involves cooling of hot steel components at a rate just exceediggttbal
cooling rate of the steel to room temperature or below room temperature.

O The final step involves the tempering of the martensite to achieve theedesardness.
Detailed explanation about tempering is given in the subsequent sections hattdening
process, the austenite transforms to martensite. This martensitduse improves the
hardness.

O In the hardening process, which involves quenching and tempering. During quenching outer
surface is cooled quicker than the center. In other words the transfomwdtthe austenite
IS proceeding at different rates. Hence there is a limit to the overaldizhe part in thig
hardening process. 144
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A few salient features in hardening of steel

O Proper quenching medium should be used such that the component gets cooled at a|rate just
exceeding the critical cooling rate of that steel.

O Alloy steels have less critical cooling rate and hence some of the alkmlsscan be
hardened by simple air cooling.

A4

O High carbon steels have slightly more critical cooling rate and has to beretdsy oil
qguenching.

O Medium carbon steels have still higher critical cooling rates and hencer woatbrine
guenchiniis necessalu.

Tempered to Desired
Hardness

Tempered
Martensite

TEMPERATURE

145
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Factors affecting Hardening Processes

N
7

N
7

N
7

Vv

Vv

Hardening Methods

Chemical composition of steel
Size and shape of the steel part
Hardening cycle (heating/cooling rate, temp, soak time

Homogeneity and grain size of austenite
Quenching media

Surface condition of steel part

Conventional or direct quenching
Quenching in stages in sequence in different media
Spray Quenching

Quenching with self tempering
Austempering or Isothermal Quenching

Martempering
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Retained Austenite

a

Austenite that is present in in the ferrous alloys even after the coimplef the heal

treatment process is referred to as retained austenite. In singopts, retained austenite |i

the untransformed austenite.

Austenite transforms to martensite betweep &hd M temperatures as it is essentially
athermal transformation. However, this transformation never goes tpleton, i.e., 100%
martensite (Mtemperature line is illustrated as dotted line in TTT diagrams).

This is because at M a small amount of (~1%) of austenite is present in highly stre
state along with ~99% martensite, and can not transform to martensitedeecafavourabls
stress conditions.

Both M, and M temperatures decrease with increase in carbon content. Therefore arh
retained austenite in hardened steels increase with increase in cawiient.

All alloying elements, except Al and Co, lower the, Mmperature and hence enhance

amount of retained austenite. Therefore, both high carbon steels and loglstdels are

more prone to the presence of retained austenite.

The substructure of retained austenite differs from that of the originalratesses it has as
higher density of imperfections like dislocations, stacking faults, ekichvare created b
local plastic deformation of the austenite by martensite crystals.

Tool steels may have retained- austenite in the range of 5-35%. At the surface oichedle

steel, that restrains are minimum. R.A is less at surface than a#ritex part. e

an

ssed
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Retained Austenite

Advantages

a

Ductility of austenite can help to relieve some internal stresses ajgeidue to hardening
to reduce danger of distortion and cracks. 10% retained austenite along witgmait is
desirable.

The presence of 30-40% retained austenite makes straightening operatione
components possible after hardening. Straightening increases the hardness slightly.

Non-distorting steels owe their existence to retained austenite. henggk austenite i
retained to balance the transformational contracting during heating, eofotmation of
austenit from ferrite carbide aggregat on the one hand anc the expansio correspondin
to the formation of martensite during cooling, on the other, Here, thes lndislimensiona

|\

of th

S

stability of non-distorting steels is the presence of retained austenite.

disadvantages

a
a

The soft austenite if present, in large amounts, decreases the hardness ofdhateelse

As retained austenite may transform to lower bainite, or to marternbigee takes plac
increase in dimensions of the part. Not only it creates problems in precisimegaor dies
the neighboring parts may be put under stress by it. In the component itset§esdtrmay b
created to cause distortion or cracking.

e

Retained austenite decreases the magnetic properties of the steel. 148




Sub-Zero treatment

a

a

The retained austenite is generally undesirable, sub-zero treatnmmme i3f the method fg
eliminate retained austenite.

As the room temperature lies between &hd M temperatures of steel, quenching to ro
temperature results in retained austenite.

Subzero treatment consists in cooling the hardened steel to a tearpdoatow OC. The
temperature of the sub zero treatment depends on the position démaperature of the
steel.

A steel can be cooled much below the Mmperature, but it, evidently achieves nothi
becaus it canno bring abou any additiona increas of hardnes: or any additiona increas
of martensite, because the Martensitic transformation ends trivperature.

Sub-zero treatment is more effective, if it is carried out immediatdter quenching

operation. Any lapse of time between hardening and the cold treatmentscése

stabilization of austenite, makes the retained austenite resistamtherftransformation.

Most steels can be cooled by subzero treatment in a low cooling unit withobrtlee
mediums as given in table (next page) .

The low-cooling unit consists of two vessels, the interior one of copper, where ttseqp;
tools to be deep frozen, are placed and the exterior one of steel provided gotidaheat
insulation.

D

olpfl
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Sub-Zero treatment

Table : Subzero Coolants with

Temperature of Application g
Minimum
Sl temperature °C
Dry ice (solid Cg) |
+ Acetone 18 ey} CnpesgmNa l i:__ Themmeceugle
Ice + Salt (NaCl) -23 — T h—_———_ === D - i o
ice + Salt (Cag) 55 =l e — B
Liquid air -183 . pDoooooooo
Liquid N2
. . . - 4 UM:J_!_‘H_I_‘
Liquid Nitroger -19¢ T T
Liquid Pentane -129 Solenaid
valve
Freon -111 T
o Temperature contraller

Figure :

Liquid cooled (liquid M) system.

Components are immersed in a bath of
alcohol, or trichloro ethylene, which is cooled
by a submerged liquid nitrogen spray (-260

), cooling rates can be controlled.
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Sub-Zero treatment

O The space in between the vessels is filled with one of the chosen mediuansysten
(figure in previous page) which is inexpensive and can be used.

O Usually the temperature range used is in range ofC30 -150C, and total time of cooling
and holding at that temperature (Maries from Y2 - 1 hour. The hardness increased by 2-4
HRc.

O As the amount of martensite increases by sub-zero treatment, it gesrbardness, abrasipn
resistance, fatigue resistance and eliminates the danger of developing griratiks,. c

O As the newly formed martensite may add further to unfavorable stréssasise distortion
anc cracks the complicatec or intricate shape componeni may be first tempere at 15C-
160°C immediately after first quenching and then given the sub-zero treatment.

Sub-zero treatment has been most extensively used for...!

O Alloyed tool steels — like high speed steel, which now shall need only sistgige

tempering.
O Tools and components which need exact dimensions — gauges
L Carburized steels, especially alloy steels (having elementsNikia it) to increase their

hardness and wear resistance

O Steels having 0.8 to 1.1%C as hardness increases by 1-3 HRc
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O The hardened steel is not readily suitable for engineering applications. It sgesse
following three drawbacks.

v' Martensite obtained after hardening is extremely brittle and willlteis failure of
engineering components by cracking.

v Formation of martensite from austenite by quenching produces high intéresdes ir
the hardened steel.

v’ Structures obtained after hardening Internal stresses
consists of martensite and retained .,\_/ | '
austenit. Both thest phase are Hardness
metastable and will change to stable \
phases with time which subsequently \
results in change in dimensions and
properties of the steel in service.

perty —»

O Tempering helps in reduce these proble ms.2 ,l,oughnes‘,s

Tempering is the process of heating the ' : .
hardened steel to a temperature maximum s O
up to lower critical temperature (4 I IR R aEE
soaking at this temperature, and then

cooling, normally very slowly.

b e e e s e fem s e mm me e owm e e e s

200 500
Tempering temperature ——p
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Relieve Internal  Restore ductility To improve To improve magnetic
stresses and toughness dimensional stability properties

Structure in as Quenched state

Highly supersaturated martensite
Retained austenite
Undissolved carbides

Rods, or plates of carbide particles produced during ‘auto-tempering’

Segregation of carbon

153



Tempering of plain carbon steels

First stage of Tempering

O First Stage of tempering temperature extends from room temperature to 200eC.
tempering reactions in steels, containing carbon less than 0.2%, diffegvghat from the
steels containing more than 0.2% carbon.

O In the former, if carbon atoms have not yet segregated (during quenching) to dmisciat
these diffuse and segregate around the dislocations and lath boundariegirist thtage of
tempering. Nce-carbide forms as all the carbon gets locked up to the dislocations (defects).

L Martensite in steels with more than 0.2% carbon is highly unstable bea#usaper
saturatior anc interstitia diffusion of carborin BCT martensit car occu. Thus in the first
stage of tempering, the decomposition of martensite into low-tetragonakistensite
(containing ~0.2%C, c/a ~ 1.014) andcarbide, Fg¢,C occurs. There are reports of
precipitation of eta-carbide, Fe,C and Haggs carbide, F¢C.

L e-carbide is a separate phase and is not a preliminary step in the formatiemehtite, bug
it nucleates and grows more rapidly than cementite. It has HCP struciilve w 4.33A°, a
= 2.73A°, c/a =1.58A° and forms as small (0.015-0,08) platelets, or needles observed
under electron microscope.

L The structure at this stage referred to as tempered martensite, wldichble phase mixture
of low tetragonal martensite amecarbide.

O In this stage volume because specific volume of martensjtdue to rejecting of C atoms.




Tempering of plain carbon steels

Second stage of Tempering

L Second Stage of tempering temperature lies between 200-300°C. The amounairm‘dlet

austenite in the as-quenched steel depends mainly on the composition ofefharstethe
temperature to which steel is quenched.

O In the second stage of tempering retained austenite transforms to bainttie (the carbids
in bainite ise-carbide). The matrix in lower bainite is cubic ferrite (c/a = 1), whesdm
tempered martensite, the low tetragonal martensite has c/a ~ 1.014

L When retained austenite changes to lower bainite, their takes place moreatume.

\V

Third stage of Tempering

O Third Stage of tempering temperature lies between 200-350°C. In this stagepdriag,

e-carbide dissolves in matrix, and low tetragonal martensite lossesntpletely its carbon

and thus, the tetragonality to become ferrite .

[ Cementite forms as rods at interfacescsedarbide and matrix, twin boundaries, interlz
boundaries, or original austenite grain boundaries.

O During this stage, volume decreases just as in stage one, due to completef
tetragonality. In a 1% carbon steel , the total decrease in length inrgte@nd third stage

in around 0.25%
155
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Tempering of plain carbon steels

Fourth stage of Tempering

Q
Q

Fourth Stage of tempering temperature lies between 350-700°C.

Growth and spheroidisation of cementite, as well as recovery and Raltinatton of ferrite
occur. Though the growth of cementite starts above 300°C, its spheroidisatiorasiawts
400°C to 700°C.

Spheroidisation takes place due to reduction in interfacial energy oftef@ementite
interfaces. As quenched martensite has high concentration of ladfeets. Though thei
annealing out starts in the third stage of tempering, but the cementite paeespietard thg
recoven processe.

Substantial recovery processes starts occurring only above 400°C. origh@ablaundaries

are stable up to 600°C, but above this, these are replaced by equiaxed-jeaiite

boundaries — the process, which is best described as ‘Recrystallization’.

In the end, the optical microstructure consists of equiaxed ferrite grairts eaarse
Spheroidal particles of cementite, and then the structure is called gtope&lite, or
spheroidized cementite.

The structure perhaps is the most stable of all ferrite- cementite aggsegad is the

197

V)
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softest with highest ductility with best machinability.
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Effect of carbon on Tempering

Hardness (VPN) —pn

As guenched hardness Tempering temperature, *C et

Effect of tempering temperature( 1 hour at each temperature) dnelsarand reactions



Tempering of alloy steels

a
a

The presence of alloying elements, steels can change their nature and psaderttvely.

Most common elements (except cobalt) shift the CCT curve to longer timeshy
essentially result in the increase of hardenability of the steels, sb pkarlitic
transformation can be avoided easily to obtain Martensitic structues) at a slower trat
of cooling and in thicker parts.

Alloying elements also lower Mand M temperatures, increasing further the amoun

retained austenite. The decomposition of retained austenite on tempplayg quite 4

significant role on the properties of tempered steels, specially havgigdarbon and higl
alloying elements.

Some elements, that are not found in carbides, but are present as soiosioldierrite, are
Al, Cu, Si, P, Ni, and Zr. Some elements arranged in order of inargasndency to forn
carbides are Mn, Cr, W, Mo, V and Ti. These carbide forming elements reterst
effectively the rate of softening during tempering of the steel.

The first stage of tempering does not appear to be effected by the preseahecatibying
elements. However, most of the alloying elements in steels tends waseithe hardnes
after tempering than a plain carbon steel with the same carbon content.

At smaller concentration, they merely retard the tempering prosdssace the softening
particularly at higher temperature (> 500°C), where these elements have dlosd/dy to

vhi

s

t of

—

V)
w

|\ -

take part in tempering reactions.
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Tempering of alloy steels

L When alloy carbides are formed, the drop in hardness during tempering is gaetarded
but is significantly increased. The steel is then said to secondary hardening.

O Thus, 0.5% chromium , or less than 0.5% Mo resists softening but secondary harde

ning i
produced by either 12% chromium, or 2 % Mo.. Stronger the carbide, the more potea is t
secondary hardening.
5 HRc VPN
i 60 697
400 50 513
z 3.07% Mo
= 2.05% Mo 2
] § 40 392
2 1.50% Mo S
€ 300} £
s 0.90% Mo
0.47% Mo 30 302
200 -
20 238 0.35% Carbon
1 | 1 | |
400 500 600 700 _ 2
ISR T 5 e e ] R
Tempering temperature (1 hr at each temperature) 10 196 zéo 3100 4:) - 530 - sge %3@3{& TW
i : - A8 duenched Tempering temperature, °C o wi'
Effect of increasing Mo on tempering of as — .

quenched 0.1%C steel Effect of increasing chromium in 0.35%C steel @jtering



Tempering of alloy steels

a

Element, such as, silicon dissolvescsHtarbide to stabilize it. Steels with 1-2% silicon have

g-carbide present even after tempering at 400°C, which means that the itornudt
cementite is delayed considerably, and thus, resisting the softeningrvidse, the effect of
silicon is essentially due to solid solution strengthening.

Nickel has a small, but constant effect on tempered hardness at allregomes due to solid

solution strengthening as it is not a carbide former.

Manganese has little effect on softening at low tempering temperaturesatbhigh
temperatures, has a strong effect on due to its faster diffusion then, andittih@sists
cementite coarsening as it is present in cementite as (Fe(vin)

Martensite in plain carbon steels losses its tetragonality by 300°C, buetttagonality is
seen at 450°C, or even at 500°C if the steels have elements like Cr, W, Mbaid Si.

The basic cause of steep softening in carbon steels on tempering above 4008€
coagulation of the cementite particles. Alloying elements notably Si,Mgr, V, when

present in steels, retard the coalescence and the coarsening of cemariidles., resulting

in enhanced hardening over and above the solid solution hardening effect.

Elements like Cr, Si, Mo, or W delay coarsening to temperature range of 500-56016
tempering temperature 500°C, the carbides formed are of iron with propdratioging

elements in it, but above 500°C, alloying elements can form their owndsstand thus,

coarse cementite particles are replaced by fine dispersion of more slialylearbides.
160
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Tempering of alloy steels

a

An Fe-10 Ni alloy shows constant
hardness on tempering up to 450°C an
then, there takes place some decrease

strength (curve I).

Addition of 0.12% carbon increases the
as guenched strength to almost doubl
and slow decrease of hardness occurs

tempering to fall to 0.7 GPa at 500°C.

A 8% cobalt addition, which doesn't

ente the carbide delay: the softenin¢ to

have strength of 0.8 GPa at 500°C .

Addition of 2% Cr almost continuousl
but slowly 1 hardness to start falling :
above ~450°C to become 1.1 GPa
500°C by fine dispersion of Cr carbide|

Addition of Mo causes seconda
hardening, as it is very strong carbi
forming element, to attain a hardness

1.3 Gpa at 500°C

At

P
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Y
0¢
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Effect of C, Co, Cr, and Mo on tempering of
Fe-10Ni steels
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Tempering of alloy steels : Secondary Hardening

O In alloy steels, having larger amounts of strong carbide forming elemdsetdvio, Ti, V,

Nb, W, Cr etc., and carbon , a peculiar phenomena occurs, the hardness ofjtienakecd
martensite (called primary hardness) on tempering, decreaseslyniéialthe tempering
temperatures is raised, but starts increasing again to often becayher than the as

guenched hardness, with much improved toughness, when tempered in the range of 500 to

600°C. This increase in hardness is cabedondary hardness (also called red hardness).

| g o

This is great importance in high speed steels, as these are able to eomaminining, a
high speeds (as these are able to resist fall in hardness and thus, the maiagy ) ever
when they become red hot.

Secondar hardenini is a process similar to age hardeninc in which coars: cementit
particles are replace by a new and much finer alloy carbide dispes§iggC,, Mo,C, W,C
(which normally form on dislocations). As in aging a critical dispersianses a peak in the
hardness and strength of the alloy, and as over aging takes place, i.edecdidpersior,
slowly coarsens, the hardness decreases.

Secondary hardening is best shown in steels containing Mo, V, W, Ti andna(30 steels af
high chromium concentrations.

The amount of secondary hardening in an alloy steel is directly proportiortaétaolume
fraction of the alloy carbides, and thus is directly proportional to the coratgan of strong
carbide forming elements present in steels. The alloy carbides muspipate as fing
dispersion in ferrite matrix rather than massive carbide particles. 162




Time and Temperature relationship in Tempering

L For a given steel, a heat treater might like to choose some convenient tegpere, say
over night, otherwise different than 1 hour, and thus, wants to calculate thet |exa
temperature required to achieve the constant hardness.

O Hollomon and Jaffe’s “tempering parameter” may be used for this purpose elatis the
hardness, tempering temperature and tempering time. For a thermaligtadtprocess, the
usual rate equation is : 1

Rate= = Ae 'R

O Where, t is the time of tempering to develop a given hardness, and Q is theri@hpi
activatior energy . ‘Q’ is not constar in the comple> temperin¢ processe but varies with
hardness. Thus, hardness was assumed to be a function of time and temperature:

H= f[te ¥F]
O Interestingly, [te"@'RT] is a constant, and let it heEquating activation energies of eq (1)
and (2) gives, Q=T[Int=Int,]= f(H)

d As t, constant then
H = f[T(C+Int)]

O Where, C is a constant, whose value depends on the composition of austenite. The single
parameter which expresses two variables time and the temperatufe((Ce+ In t) is called

the Hollomon and Jaffe tempering parameter. (hardness in vickers is fimefera .




Temperature and colours for Heating and Tempering of Steel
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Colours of Hot Solid metal iC Process of Heat treatment
White 1500
Yellow white 1300 High speed steel hardening (12300I8)
Yellow 1100
Orange Red 1000 Alloy steel hardening (800-1100°C)
Light-Cherry-Red 900
Cherry-red 800 Carbon steel hardening
Dark-red 700
Vary dark-red 500 High speed steel tempering (500-6P0
Black red in dull light, or darkne 40C
Steel gray 300 Carbon steel tempering (150-575°C
Colour of Oxide film C Parts Heat treated
Steel Gray 327 Cannot be used for cutting tools
Pale-light blue 310 For springs
Purple 282 Spring and screw drivers
Brown 270 Axes, wood cutting tools
Gold 258 Shear blades, hammer faces, cold chis
Dark-straw-light-brown 240 Punches and Dies
Light-Straw-Yellow 220 Steel cutting tools, files,gma cutters
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Embrittlement during Tempering

O Normally, as the tempering progresses, the hardness and the strengthsdscrbut the
ductility and impact strength increase. But in certain steelsetlsean unexpected decrease
of the impact strength in certain ranges of temperatures. This inditzéeshere are two
main types of embrittlement during tempering.

» Tempered Martensite Embrittlement (TME)
» Temper Embrittlement

 Both these embrittlement raise the impact transition temperature) (K6T higher
temperature. Figure (below) indicates the increasenpact transition temperature, A(ITT)
dueto TE in SAE 314( stee.
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Temper-embrittlement in SAE 3140
steel shifts the impact transition
temperature to higher temperature .
A(TTT) indicates the amount of
increase.
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Embrittlement during Tempering

Normally, the degree of both type of embrittlement is expressed in termelafive
displacements of ITT i.e., bX (ITT) illustrated in figure (in previous slide).

In both the transgranular fracture mode is replaced by an intergranular @@ below the
transition temperature, i.e., these show bright inter crystalline uractlong origina

austenite grain boundaries.
Inspite of these similar effects, the two types of embrittlement aces®parate phenomera,

which occur in two different temperature ranges. Moreover, TME is a mustierf@roces:
usually occurring in one hour, where as TE takes many hours.

Tempe embrittlemer is of musl greate conceri from practica point of view, as the rotors
and shafts of power generating equipment even after tempering above 600°C, develop it

when thick section cool very slowly through the range (450-600°C)

V)

D TIROrTTYY

!

o Schematic illustration of effect of

& tempering temperature on impact
3 strength in steels prone to
= embrittlement during tempering.
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260 370 450 600
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Tempered Martensite embrittlement

As TME develops after tempering in range 260°C to 370°C, it is called as “35
embrittlement, or 500°F embrittlement. It is called ‘one-step embmitiet’ as during
heating only in this range, TME develops. It is also called ‘irreversibldrdatrement

because a steel embrittled by tempering in this range , if heated fudhebnave 400°C

(above the critical range), becomes tougher, and the tempered martanbitétlement
does not occur again if cooled down to or tempered in the range of 260°C to 370°C ag

All steels, including the plain carbon steels are prone to irreversilerittlement to som
extent, and that is why tempering range of 260°C- 370°C is avoided in alsteeugh it
is a malady of low alloy steels.

The embrittlemer is associate with the chang: in the structure of carbide from epsilor (g)
to cementite in the form of a film at the grain boundaries.

On tempering at higher temperatures, this film disappears and can not besdesbtn
repeated heating in 260°C-370°C temperature range.

Although, tempered martensite embrittlement is concurrent with the t&ion of
cementite, but such precipitation is not in itself the cause of loss of imipaghness, as th
embrittlement is does not occur if P, Sb, Sn, As, or N are not present in steel.

Addition of sufficient silicon to the steel inhibits the formation of cemie in the critical
range, as silicon dissolved in epsilon carbide, increases its sgahihidl thus embrittlemer,

does not occur
167
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Temper embrittlement

L The sickness of alloy steels occurs when they are tempered in the rangetéS80C°C. it
is also called reversible embrittlement (as well as two step dtidonent), because |t
occurs, when steels are tempered in this range, but gets removed, when toehigd
temperatures, but occurs again on slow continuous cooling through this range frongthiat hi
temperature (>600°C). The degree of embrittiement depends on the rate ioigcoothe
range 600-450°C.

O The phenomena of temper embrittlement results in loss of toughness as measured by
notched impact test (without affecting very much the hardness, Y.S, UdBgaion anc
fatigue properties), and a rise in ductile to brittle transition tempegabccurs, with am
intergranula (IG) fracture below the transitior temperatur alon¢ the original austeniti
grain boundaries.

 Carbon steels in general, but with less than 0.5% Mn, do not show temper esnbeitt.
Alloy steels of high purity do not show it. It is caused primarily by Sb anahé secondarily
by Sn or As (even in amounts as low as 0.01%) in presence of elements like Ni,nV&i,|C
in steels. The highest effect is in Ni-Cr and Mn-Cr steels. Presehelements like Mo, Ti|
Zr delay, or remove embrittlement.

L The characteristic features of temper embrittlement are best explaynd@ concept of co
segregation. The impurity solutes are the surface active elements jn.@grihese reduce
the grain boundary energy, and thus reduce the cohesion. Elements like Sh, $),As,

interact with certain elements like Ni and Mn in steels. -




Temper embrittlement

a

These interactions leads to co-segregation of alloying elements anohpheity elements

A4

such as between Ni-Sb, Ni-P-Ni-Sn and Mn-Sb. The reason of co-segregati@stronge(

interaction between them than, between either of these and iron.

If the interaction is very strong then, co-segregation does not occur, lwatvarsying effec
Is got, as happens between Mo-P, Ti-P, which is the cause of elimination oitéentent

by 0.5% Mo in such steels. If larger amount of Mo, Ti, Zr are present , thesetelements

slowly react with carbon to form stable carbides releasing the impataiyns to segregate |
the boundaries.

Additional segregation may take place, when two alloying elements aesepi
simultaneousl sucl as Ni anc Cr. At high temperature (>60C°C), therma vibrations make
the equilibrium segregation low enough not to cause embrittlement.,, and at
temperature (<450°C), the diffusion of the elements is too low to cause enoug
segregation with in the normal tempering time.

The following methods are normally recommended to minimize the effect ofpéem

embrittlement
v" Keep the impurities such as Sb, P, Sn, As as low as possible
v Alloy the steel with Mo (0.5-0.75%)
v" Quench from tempering at higher temperatures
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Heat Treatment Defects

 Heat treatment of steels or aluminum can lead to several defda¢spiincipal types o

defects found in quenching of steels are internal and external cracks wothke distortion
and warping.

CRACK : When the internal tensile stresses exceed the resistance of éhéosseparatior,
the crack occurs. The insertion of the tools in the furnace without preheatingmpering
IS one of the main causes of crack propagation. The crack formation is reduc
preheating the tool between 2o 300C.

DISTORTION : Distortion occurs due to uneven heating, too fast cooling, part incorr
supported in furnace, incorrect dipping in guenching and stresses presentprefwgating
Distortior car be prevente by preheatin the tool or checl furnace¢ capacity reduct the
hardening temperature, and by reviewing the method of dipping.

WARPING : Asymmetrical distortion of the work is often called warping in firaating
practice. Warping is usually observed upon non-uniform heating or over heatin
hardening. It also occurs when the work is quenched in the wrong position and wh
cooling rate is too high in the temperature range of the martensite trarsformAn
elimination of these causes should subsequently reduce warping.

The properties required in the heat treated part are obtained withoutrtdopang distorte
beyond the acceptable limits.

The ideal design for a heat treatable part is the shape that when heated léat) aoould
have the same temperature at every point with in the part. 170
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