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Material Science

Plastic deformation

Microscopically, it involves breaking .atomic bonds,
moving atoms, then restoration of bonds.

Crystalline solids deform by (processes — slip and
twinning in particular directions.

Because of the complexity involved, theory of plasticity
neglects the following effects:

— Anelastic strain, which is-time dependent recoverable
strain,

— Hysteresis behavior resulting from loading and
unloading of material.

Basic Concepts
(Structure of Solids)

— Bauschinger effect — dependence of yield stress on
loading path and direction.

* A true stress-strain curve is called flow.curve as it gives
the stress required to cause the material to flow
plastically to certain strain.

o =fn(sg, &, T, microstructure)

c =Kg" Strain hardening exponent, n =0.1 - 0.5
c =Kg™ Strain - rate sensitivity, m =0.4- 0.9
o =K(g, +¢)" Strain from previous work - g,

c =o,+Ke" Yield strength - o,




Slip
Slip is the prominent mechanism® of plastic
deformation in metals.

It involves sliding of blocks of crystal over one other
along definite crystallographic planes, called slip
planes.

Slip occurs when<shear stress applied exceeds a
critical value.

During slip each atom usually moves same integral
number-of atomic distances along the slip plane
producing a step, but the orientation of the crystal
remains the same.

Steps observable under microscope as straight lines
are called slip lines.

5

Atomic Structure

Atoms consist of a relatively dense nucleus composed of
positively charged protons and neutral-particles of nearly
identical mass, known as neutrons:

Surrounding the nucleus .are the negatively charged
electrons, which have only 1/1839 times the mass of a
neutron and-«appear in numbers equal to the protons, to
maintain a:net charge balance.

The light-electrons that surround the nucleus play a far
more significant role in determining material properties.

The number of electrons surrounding the nucleus of a
neutral atom is called the atomic number.

7

Twinning
It results when a portion of crystal takes up an

orientation that is related to the orientation of the rest of
the untwined lattice in a definite, symmetrical way.

The twinned portion of the crystal is a_mirror image of
the parent crystal. The. plane of symmetry is called
twinning lane.

The importantsrole of twinning in plastic deformation is
that it causes changes-in plane orientation so that further
slip can.occur.

Twinning generally occurs when slip is restricted, because
the stress necessary for twinning is usually higher than
that for slip.

6

1.Covalent-Bond
2.lonic Bond
3.Metallic Bond

1.Covalent Bond
2.lonic Bond
3.Metallic Bond




Development of a grain structure

When a metal solidifies, a small particle of solid forms
from the liquid with a lattice structure characteristic of
the given material.

This particle then acts like a seed or nucleus and grows as
other atoms in the vicinity-attach themselves.

In actual solidification, many nuclei form independently
at various locations throughout the liquid and have
random_ orientations-with respect to one another. Each
then grows until-it begins to interfere with its neighbours.

Since adjacent . lattice structures have different
alignments or orientations, growth cannot produce a
single continuous structure.

The small, continuous volumes of solid are known as
crystals or grains, and the surfaces that divide them (i.e.,
the surfaces of crystalline discontinuity) are known as
grain boundaries.

Grains are the smallest-of the structural units in a metal
that are observable with ordinary.light microscopy.

The number.and size of the ‘grains in a metal vary with
the rate of.nucleation and the rate of growth.

The greater the nucleation rate, the smaller the resulting
grains. Conversely, the greater the rate of growth, the
larger the grain.

Because the resulting grain structure will influence
certain mechanical and physical properties, it is an
important property for an engineer to both control and
specify. One means of specification is.through the ASTM
(American Society for Testing“and Materials) grain size
number, defined as:

N = 204

where_N ‘is~the number: of grains per square inch
visible in-a prepared specimen at IOOX and n is the ASTM
grain-size number. .Low ASTM numbers mean a few
massive grains;high numbers refer to materials with
many small grains.

Cold working, recrystallization and
hot working

During deformation, a portion of the deformation energy
becomes stored within the material in the form of additional
dislocations and increased grain boundary surface area.

If a deformed polycrystalline metal is subsequently heated to
a high-enough temperature, the material will seek to lower its
energy.

New, equi-axed (spherical-shaped) crystals will nucleate and
grow out of the original structure .

This process of reducing the internal energy through the
formation of new crystals is known as recrystallizations.




* The temperature at which recrystallization.takes place is
different for each metal and also varies with the amount
of prior deformation.

The greater the amount of prior deformation, the more
stored energy, and the -lower _the ‘recrystallization
temperature. However, there is a lower limit below which
recrystallization” will "not take place in a reasonable
amount of'time.

* This temperature can often be estimated by taking 0.4

times the melting point of the metal when the melting
point is expressed in an absolute temperature scale.

Crystalline Materials

When metals are plastically deformed -below their
recrystallization temperature, the process is called cold
working.

If metals are deformed at temperatures sufficiently above
the recrystallization, the process ds. known as hot
working.

Deformation® and = recrystallization can take place
simultaneously, and large deformations are possible.

Since @ recrystallized grain structure is constantly
forming, the final product will not exhibit strain
hardening.

Crystalline and non-crystalline solids

* All solid materials are made of atoms/molecules,
which are arranged in specific -order in some
materials, called crystalline solids.-Otherwise non-
crystalline or amorphous-solids.

Crystalline Amorphous

* All metals, many ceramic materials, and certain
polymers form crystalline structures




Crystalline Solids Non-crystalline/

Amorphous solids

Basic structural unitis a crystal ~ Basic structural unit is a
molecule.

Each crystal is made up of Chain of molecules are random,
number of repetitive blocks irregular and lack symmetry
called unit cells

Have regular arrangement of Have completely random
particles/atom arrangement of particles/atom

Do not have sharp melting point
(e.g. glass)

Lower density

Have sharp melting point

Higher density

Stable and stronger Unstable and less stronger
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Unit cell is characterised by
* Type of atom and their radii, R

* Cell dimensions (Lattice spacing a, b and c) in terms
of R and angle between the axis

* a*, b*, c* - lattice distances in-reciprocal lattice,
e a*, B* Y *-angles inreciprocal lattice
* Number of atoms per unit cell, n

* Coordination:number (CN)=closest neighbors to an
atom.

e Atomic packing factor, APF= ratio of volume of Avg.
No. Atom inone unit cell to the volume of unit cell

itself.

19

Crystal Structures

* Unit cell — it is smallest repeatable entity.that can be
used to completely represent a crystal structure. It
is the building block of crystal structure

* Lattice - it is used to represent a three-dimensional
periodic array of points  coinciding: with atom
positions.

* Crystal -_it-is the Groups. of atoms/molecules
specifically arranged.

o.o.o.o ffff?ff
F oo TaTaTet
STt #h T ety

Basis Lattice = Crystal 18

Crystal Structure of materials
* FCC: Ni, Cu, Ag, Pt, Au, Pb, Al (soft-Ductile)
* BCC:V, Mo, Ta, W (hard material-Brittle)

* HCP: Mg, Zn
* Cobalt HCP < 420°C, FCC>420°C

* Chromium HCP.< 20°C, BCC >20°C
* Glass- Amorphous

* BCC-Ferrite or -Ciron & § -ferrite or d-iron
* FCC-‘Austenite.or 4 -iron




Bravis Lattice and unit cell

* Total six lattice parameters ggg along the three

1
A crystal axes, and@, 5,7 three, crystal angles.
nM V > RN
a=| — C

o

PN
B

Formula for a lattice constant

o'y

>

[Where n = no of atoms per cell, a

M = Atomic weight,
N = Avogadro’s number,
P = Density of Metal]

* Thereare seven lattice systems

Note: Total 7 lattice system but total 14 Bravice lattice

22

21

Crystal Systems ﬂ Crystal structure W Angles -
Crystal Angl Cell
SRE ngles < 4 Rhombo-hedral a=b=c a=B=y#90°" I
structure Geometry }!",l

1 Cubic a=b=c o=B=y=90°
%oy 5 Orthorhombic a#b#c o=B=y=90°
2 Tetragonal a=b#c a=p=y=90° e )
. 6 Monoclinic a#b#c o=y=90°# B
3 Hexagonal a=b#c 0=p=90"y=120" =l VIR
b
7 Triclinic a#b#c o# B#y#90° &>
: \\
aa -’}\
ﬂ
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