Introduction

Three states of matter are distinguishable: gas, liquid sahd

In the gaseous state the metal atoms occupy a great dealad bpaause of the
rapid motion. The atoms move independently and are usuadlglywseparated s
that the attractive forces between atoms are negligible. arhrangement of aton
In a gas is one of complete disorder.

At some lower temperature, the kinetic energy of the atonssdegreased so th
the attractive forces become large enough to bring mosteoftbms together in
liquid. And there is a continual interchange of atoms betwibe vapor and liquic
acros the liquid surfact.

The attractive forces between atoms in a liquid may be detraird by the
application of pressure. A gas may be easily compressedistoaller volume, by
it takes a high pressure to compress a liquid. There is, hexyetill enough free
space in the liguid to allow the atoms to move about irredylar

As the temperature is decreased, the motions are less ug@md the attractiv

forces pull the atoms closer together until the liquid sbkd. Most materials
contract upon solidification, indicating a closer packaf@toms in the solid state|

The atoms in the solid are not stationary but are vibratirayad fixed points
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giving rise to the orderly arrangement of crystal structure




Mechanism of Crystallization

Crystallization is the transition from the liquid to the islb$tate and occurs in tw
stages:

» Nuclei formation
» Crystal Growth

Although the atoms in the liquid state do not have any defiairangement, it i
possible that some atoms at any given instant are in positieractly
corresponding to the space lattice they assume when sedidif

Thesichancraggregate or group: are not permaner but continually breal up anc
reform at other points.

The higher the temperature, the greater the kinetic enefrdiieoatoms and th
shorter the life of the group. When the temperature, of tipeidi is decreased, tt
atom movement decreases, lengthening the life of the gamgmore groups wil
be present at the same time.

Atoms in a material have both kinetic and potential enekggetic energy is related ti
the speed at which the atoms move and is strictly a function of temperdheaéigher
the temperature, the more active are the atoms and the greater is thec kimetgy.
Potential energy on the other handis related to the distance between atonite
greater the average distance between atoms, the greater is their potesrggl e
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Solidification (or) Freezing

- -

- ~

Local Solidification time'
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Temperature —

Total Solidification time
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(_Pouring Temperature™ >

Equilibrium
Freezing
Temperature

When metal is poured into the mould,
the temperature will be as high as its
inversion temperature.

P

Superheat |

Time —
It gets cooled when poured into the
mould and molten metal in the liquid
form will solidify. This time is called
local solidification time

The solidified metal in the mould |
called casting) gets cooled in the mou
to the temperature of the surroundings

d




Cooling Curves

RecalescenceThe increase in temperature of an undercooled liquid nastal result of the liberatio

of heat during nucleation.

Thermal Arrest A plateau on the cooling curve during the solidificationaofmaterial caused by th
evolution of the latent heat of fusion during solidificatio

Total Solidification Time: The time required for the casting to solidify completelyeathe casting ha

been poured.

Local Solidification Time: The time required for a particular location in a casting edicsfy once

nucleation has begun.
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Normal cooling  D-E: Isothermal

< of liquid solidification
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B-C: Undercooling is C-D: Recalescence
necessary for nucleation

O occur

Cooling curve for a well inoculated, but otherwise pure metal.
No undercooling is needed. Recalescence is not observe

Solidification begins at the melting temperature

Cooling curve for a pure metal that has not been well inoculated.
Liquid cools as specific heat is removed (betweens poinfsand B).
Undercooling is thus necessar (betweer points B and C). As the
nucleation begins (pointC), latent heat of fusion is released causing
an increase in the temperature of the liquid. This process is knon
as recalescence (poin€ to point D). Metal continues to solidify at
a constant temperature (T melting). At point E, solidification is
complete. Solid casting continues to cool from the point.
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Solidification of pure metal : Super cooling

O In a pure metal at its freezing point where both the liquid saokd states are at the
same temperature. The kinetic energy of the atoms in thelliaud the solid must
be the same, but there is a significant difference in paaéatiergy.

 The atoms in the solid are much closer together, so thatifsodition occurs with g
release of energy. This difference in potential energy betwthe liquid and solid
states is known as tHatent heat of fusion.

 However, energy is required to establish a surface| Cooling Curve for a pure metpl
between the liquid and solid. In pure materials at
the freezin¢ point insufficien energ) is release
by the heat of fusion to create a stable boundary,
and some under cooling is always necessary ﬂ:b

form stable nuclei. ©
'§.é N |

 Subsequent release of the heat of fusion will rai -
the temperature to the freezing point. The amc»uﬁi ﬁ
of undercooling required may be reduced by the eereond
presence of solid impurities which reduce the
amount of surface energy required.

Time —



Solidification of pure metal

When the temperature of the liquid metal has dropped seaffti below its

freezing point, stable aggregates or nuclei appear speotsfy at various points
In the liquid. These nuclei, which have now solidified, astaenters for further

crystallization.

As cooling continues, more atoms tend to freeze, and theyattagh themselves

to already existing nuclei or form new nuclei of their ownchaucleus grows b
the attraction of atoms from the liquid into its space l&ttic

Crystal growth continues in three dimensions, the atonachihg themselves i
certair preferre( directions usually alonc the axe: of the crysta this gives rise to a
characteristic treelike structure which is calledeandrite.

Since each nucleus is formed by chance, the crystal axe®arte@ at random an

the dendrites growing from them will grow in different ditems in each crystal.
Finally, as the amount of liquid decreases, the gaps betvleerarms of the

dendrite will be filled and the growth of the dendrite will Ipeutually obstructec
by that of its neighbors. This leads to a very irregular exdéshape.

The crystals found in all commercial metals are commonliedajrainsbecause o

this variation in external shape. The area along which alysheet, known as the

grain boundaryis a region of mismatch.
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Liquid to Solid Phase Transformation: Solidification

Two crystal going to join
to from grain boundary

Growth of nucleated crysts

Grain boundary

Solidification Complete

“For sufficient Undercooling”



Solidification of pure metal

 This mismatch leads to a noncrystalline
(amorphous) structure at the grain boundat
with the atoms irregularly spaced. :

 Since the last liquid to solidify is general
along the grain boundaries, there tends tq l:<
higher concentration of impurity atoms in that:
area. Figure (previous page) show:::
schematicall the proces of crystallizatior
from nuclei to the final grains.

<

0 Due to chilling action of mold wall, a thin skin ~ f=—=

of solid metal is formed at the wall surface

Immediately after pouring.

 Grain structure in a casting of a pure metal,
showing randomly oriented grains of small
size near the mold wall, and large columnar
grains oriented toward the center of the
casting.




Solidification of Alloys

J Most alloys freeze over a temperaty

range

 Phase diagram for a Cu-Ni alloy systg
and cooling curve for different allo

systems.

 Characteristic grain structure in an all
casting, showing segregation of alloyi

components in center of casting.
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Comparison of cooling curves

Pure metal

Time (t)

A Alloy

Soldification
begins

L+ S

Solidification
complete

Time (1)



Cast Structure

d Chill Zone: A region of small,
randomly oriented grains that forn
at the surface of a casting as a re:
of heterogeneous nucleation.

O Columnar Zone: A region of
elongated grains having a preferr
orientation that forms as a result
competitive growth during th
solidificatior of a castinc.

Columnar grains Equiaxed grains

J Equiaxed ZoneA region of randoml s ,
q 9 Y wwvrwvﬁ
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Nucleation begins Chill zone forms

[ h)

oriented grains in the center of| L | | | /|| | E2<
,| ‘ | ]

ca_lsting produced_as a result 12‘_’ - 1
widespread nucleation. e —=

- ' ' —]
s
4 m s fl\l ::_h
Figure: Development of the ingot structyre preferred growth  additional nucleation

of a casting during solidification: produces the creates the equiaxed
columnar zone zone




Nucleation

Solidification E Nucleation Growth

 Nucleation: localized formation of a distinct thermodynamic phase.

J Nucleation an occur in a gas, liquid or solid phase. Some examples of phasesyh
form via nucleation include:

» In gas-creation of liquid droplets in saturated vapor

» In liguid-formation of gaseous bubbles crystals (e.g., ice formation frorenvat
glass region:.

» In solid-Nucleation of crystalline, amorphous and even vacancy clustesslioh
materials. Such solid state nucleation is important, for example, tosémes
conductor industry.

J Most nucleation processes are physical, rather than chemical.

O There are two types of nucleatiorhomogeneouand heterogeneousrhis distinction
between them made according to the site at which nucleating events occur. R
homogeneousype, nuclei of the new phase form uniformly throughout the pa
phase, where as for theeterogeneous$ype, nuclei form preferentially at structur
iInhomogeneities such as container surfaces insoluble impurities grain bown
dislocations and so on
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Nucleation

Nucleation

Homogenous

Heterogenous

= [t occurs spontaneously and
randomly, but it requires
superheating or supercooling of
the medium.

= Liquid — solid
walls of container, inclusions

= Solid — solid
Inclusions, grain boundarie:
dislocations, stacking faults

 The probability of nucleation occurring at point in the p#rghase is sam

throughout the parent phase

O In heterogeneous nucleation there are some preferredisitd® parent phas

where nucleation can occur

e
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Nucleation

 Compared to the heterogeneous nucleation (which startsi@deation sites on
surfaces) homogeneous nucleation occurs with much mdreutly in the interior
of a uniform substance. The creation of a nucleus impliesfonemation of an
Interface at the boundaries of a new phase.

O Liquids cooled below the maximum heterogeneous nucleatemperature
(melting temperature) but which are above the homogeneaudeation
temperature. (pure substance freezing temperature) aledcsuper cooled.

 An example of supercooling: pure water freezes at -42°Cerdtian at its freezing
temperatur °C.

|1 =4

Nucleation- The physical process by which a new phase is produced in a material.
Critical radius (r*) - The minimum size that must be formed by atoms clustering together|in the
liquid before the solid particle is stable and begins to grow.
Undercooling- The temperature to which the liquid metal must cool below the equilibrium
freezing temperature before nucleation occurs.
Homogeneous nucleaticrFormation of a critically sized solid from the liquid by the clustering
together of a large number of atoms at a high undercooling (without an external interface).
Heterogeneous nucleaticrFormation of a critically sized solid from the liquid on an impurjty
surface.




Nucleation

[ There is no change in composition involved as we are considering a pure meta.| If w
solidify an alloy this will involve long range diffusion.

O When a volume of material (V) transforms three energies have to be considered :
v reduction in G (assume we are working at constant T & P),

v increase iy (interface free-energy),

v increase in strain energy.

\U

O In a liquid to solid phase transformation the strain energy term can gkeated as thg
liguid melt can flow to accommodate the volume change (assume we are working at
constant T & P).

 The process can start only below the melting point of the liquid (as only bélewntelting
point the Gjqiq < Gsyjig)- 1-€. We need to Undercool the system. As we shall note, under
suitable conditions (e.g. container-less solidification in zero gravity tiomd), melts car
be undercooled to a large extent without solidification taking place.

—

New interface:created

Bulk Gibbs free energy

Energies involve Interfacial energyt
Solid-solid

Strain energw transformation

Volume-of transforming matgrial




Solidification of Pure Metal : Homogeneous Nucleati on

O Consider a pure melt which is cooled below its melting terapee such a liquid i
known as undercooled.

d Let a small volume Yof the liquid turn into solid. If Gis the free energy per un
volume of the solid and Gthat of the liquid, if A, is the liquid- solid interfacial
area, and ify, is interfacial free energy, then the total free energy ofsystem is
given by

GF :VSGS +\/IGI + yIsAs

 Before the small volume of solid formed, the free energy efdlistem is given by
G, =(V,+tV))G
O Thus, the total free energy change associated with theftranation of a smal
volume of liquid vs. into solid is given by

G =G, -G,

:VS(GS _GI) +yIsAs

a'; :VSA(3 + MSAS
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Solidification of Pure Metal : Homogeneous Nucleati on

Freeenergychangen nucleatior-
Reductionn bulk freeenergy+

&G = (Volume).AG) + (Surface)y)

U

 Note that the interfacial energy is always positive. Hetgedontribution from the
second term is always positive.

O However, depending on whether the liquid is above or below thelting
temperatureAG is positive or negative.

 Hence in ar unde coolec liquid, where AG is negative the systen will try to
minimize the shape in such a way that the overall interfasmmargy is reduced S0
that the maximum reduction in free energy can be achieved.

O If we assume interfacial energy to be isotropic, then theiva transformed is @
sphere of radius r (since the maximum volume is enclosechiomninimal surface
area for a sphere), we get

G = (gﬂ?’j-(AGv)’f(“”z)-(%s)

U




Solidification of Pure Metal : Homogeneous Nucleati on

O In figure, we show the variation of the i
volume free energy, interfacial energy and
overall free energy change as a function ofir.

O Since the interfacial contribution goes &g r
and that of bulk free energy a% at smallerr, ,
interfacial energy always dominates anc .
being a positive energy, it actually suppresses
the formation of solid.

 Unless the size of the solid is above somé
size where in the (negative bulk free energy Vol iree Sy
change can more than compensate for |the dAG

Interfacial anergy

AG -+ AGH

-
raceus

\V

(+ve) interfacial energy, the solid will not he
stable (even if it forms).

L Thus one can identify the critical radius |of
the solid that is stable when formed in the

under cooled liquid by minimizinggG with
respectto r'.

!
PN :

0%,
B Embryo Supercritical nuclei
dr r=r*

I —



Solidification of Pure Metal : Homogeneous Nucleati

on

(s o -[%] =

iF773AG+4772;/|51 =0
dr| 3 _—

AT2NG+87T Y| _. =0

AmAG=-8my| . =T




Rate of Nucleation

O There is an energy barrier aiG* for formation of a solid nucleus of critical size
r*. The probability of energy fluctuation of siz&G* is given by the Arrhenius
equation and the rate of homogeneous nucleation is

*
=V ex -0 |
KT

d Where V, is the frequency with which atoms from liquid attach to thdidsp
nucleus. The rearrangement of atoms needed for joiningaliek rsucleus typically
follows the sam«temperatur dependenc as the diffusion cc-efficient.

JJ




Questions..?

Differentiate between a crystal, dendrite, and a grain.
Why is grain boundary irregular?

Is there any difference in the kinetic energy of the atoms in the liquid anddhleat
the boiling point? explain

What is supercooling and explain the mechanism of crystallization?

Define homogeneous nucleation and heterogeneous nucleation? And deri
expression for homogeneous nucleation.

Calculate the critical free energy of nucleation of ice from waten)ad9C, (ii)-5°C,
anc (i) -4C°C. Also calculate the critical radius al eacl temperatur. The enthalp of
fusion of ice is 6.02kJ/mol. The energy of the ice-water interface, 0.078 Jaan be
taken to be independent of temperature. [molar volume of ice = PP cm

(a) For the solidification of pure gold, calculate the critical radius r* and thivaiton
free energy\AG* if nucleation is homogeneous. Values for the latent heat of fusion
surface free energy are -14610° J/m? and 0.132 J/h) respectively, assum
supercooling value of gold is 230°Ch) And also calculate the number of atol
found in a nucleus of critical size. Assume a lattice parameter of 0.413 nisofior
gold at its melting temperature.

Name the two stages involved in the formation of particles of a new phaselyB
describe each.
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Questions..?

9. Rewrite the expression for the total free energy changeudoleation for the casge

of a cubic nucleus of edge length a (instead of a sphere otisadi Now
differentiate this expression with respect to a and solveb@dh the critical cubé
edge length, a*, and also free enerf$*. Is AG* greater for cube or sphere?

\v

number of stable nuclei is $@uclei per cubic meter. Calculate the critical radius

10. Assume for the solidification of nickel that nucleation isnthogeneous, and t%e

and the number of stable nuclei that exist at the followinggrdes o
supercooling: 200 K and 300 K. and What is significant abbatrnagnitudes @
thest critical radii anc the number of stable¢ nuclei’ [ry; — 0.255 J/n?, AH; = -
2.53x10 J/m?, Super cooling value for Ni = 3P@]

f



Introduction

You have been introduced to the lattice structures and tygfebonding in
crystalline solids in earlier lectures.

You know that the behavior of electrons determine the wayatbens interact- th
type of bonding (metallic, ionic, covalent and vanderwpdlsat holds atoms in
solid together.

v' But is tinekkoodddgeofoombiimgartiomystt stucttne issatffticanto gresta;
tihemzet cEeuEMeprp perds ® hnatdeiadd $?
So far in our study of crystalline solids, we have assumed raespondenc

betweel the abstrac three-dimensione lattice anc the actua structure of solids.
This implies that crystals are perfect.

Perfect Crystal A crystal, in which all the atoms are at rest on their corratide
position in the crystal.

Such perfect crystals could only exist at absolute zero,thednal vibrations ca
be treated as a form of defect in crystal structures.

v" For T > OK, defects always exist in the structure.

REAL CRYSTALS ARE NEVER PERFECT, THERE ARE ALWAYSHB-ECTS
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Introduction

O For example :If a bulk metal (i.e., steel) were a single perfect crystailyould
have a strength far exceeding the strongest steel ever ggddtom metallurgica
research. May be this is one of the limitation, in the strerodta metal comes from
the number and type of defect, rather than from the naturdn@fideal crysta
lattice.

O Many other important properties of materials are due to thmperfections caused
by crystal defectsifjay be...!)

O In this topic we will discuss different types of imperfectoor defects in the ideal
arrangemel of atom:in a crysta.

O For example When/If you buy a diamond ring, it is mostly the number anglety
of defects in the diamond crystal that define the amount ofi@goyou pay for &
given crystal size.

O Another example: Forging a metal tool introduces defects ....! and increases
strength and elasticity of the tool. Note, that in the cagserélquired properties afe
achieved without changes in composition of the material jumt by manipulating
the crystal defects.

o

-

“Crystals are like people, it is the defects in them which tend to make them interesting”

- Colin Humphreys



Thermodynamic cause of crystal imperfections

O Crystal defects are thermodynamically-controlled phesoan

v" To understand how defects come about, consider the effqutobfability
entropy in the following two examples.

O A typical single crystal of a large gemstone contains abounnole of atoms. Now

compare the effect of adding a single additional defect to

Probability for defect location is 10
O Anideal crystal— | 1 defect u

There is large increase in the system'’s entrt

already has 10% defect

{ Probability for defect location is

There is only a small increase in total entrolp

O This kind of entropy is called configurational entropy.digiven by the equation

S =K In(®) K =Boltzmann constant
o = Probability

O So far the effect of entropy; however, the creation of anydkaof defect cost:

energy, since the total lattice energy will be reduced. Torameting effects of

energy required to disturb the lattice and the initial lapgén in entropy causes|a

minimum in the free energy.

on
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Thermodynamic cause of crystal imperfections

/ G (perfect crystal) T (°C) n/N
| AtagivenT 500 1 x 1010
1000 1x10°
1500 5x 10
200( 3x 13
AH; =1 eV/vacancy
= 0.16 x 108 J/vacancy

G (Gibbsfree energy) —»

n (number of vacancies)}—

[ Certain equilibrium number of vacancies are prefat T > OK




CLASSIFICATION OF DEFECTS BASED ON DIMENSIONALITY

N

oD 1D 2D 3D
(Point defects) | | (Line defects) | (Surface / Interface) | (Volume defects]
! , v Y
Vacancy Dislocation Grain Twins
boundary
Impurity Disclination e Precipitate
boundar Voids /
Frenkel Cracks
defect Stacking
faults Porosity
Schottky
defect Inclusions




Point Defects

Vacancy
Non-ionic _ < Interstitial
Impurity

crystals Substitutiona

0D

(Point defects) : Frenkel defect
lonic
cr Sta|< <_—_ _________________ " Other -
ySi Schottky defect

L Imperfect point-like regions in the crystal abdua size of 1-Ztomic
diameters




Point Defects : Non -ionic crystals
Vacan cy\ Q00000

[ Missing atom from an atomic site
[ Atoms around the vacancy displaced Teg?»illz Sf)reS?

. . . ... 1elas -
[ Tensile stress field produced in the vicinit

A

O Substitutional Impurity

e » Foreign atom replacing the parent atom in the atyst
: Interstitial » E.g.Cu sitting in the lattice site of FCGH
Impurity

— U Interstitial Impurity
SUbStItUthnah « Foreign atom sitting in the void of a crystal
e E.g.C sitting in the octahedral void in HT FCi&e

| Relative size

Compressive Stress Field$ Tensile Stress Fields




Point Defects : lonic crystals

O Overall electrical neutrality has to be maintained

Frenkel defect

= Cation (being smaller get displaced to interstit@ids
= E.g. Agl, Cak

Schottky defecy

= Pair of anion and cation vacanc
= E.g. Alkali halides

Other defects due to charge balance

4 FeO heated in oxygen atmospheseFe O (x <1)
[ Vacant cation sites are present

O Charge is compensated by conversion of ferrousrticfion: 9@0 o o

Feet - Fet+ e

FES-I-
O For every vacancy (of Fe cation) two ferrous iores@nverted to mo o ©
ferric ions— provides the 2 electrons required by excess oxyge¢ o o o o




How many vacancies are present?

 The higher is the temperature, more often atoms are jumpamg dbne equilibrium
position to another and larger number of vacancies can bedfan a crystal
Actually, the number of vacancies, Nincreases exponentially with the absolute
temperature, T and can be estimated using the equation:

NV = NS exr{i]
KgT

N, = Numberof regularattice sites

K g = Boltzmanconstant
E, = Energyneededoforma vacantatticesitein aperfectcrystal

O Using this simple equation we can estimate vacancy pelatiice atoms.




Solved Calculate the equilibrium number of vacancies per cubic meter for copper at
Example -1 1000°C. The energy for vacancy formation is 0.9ev/atom; the atomic weight

and density (at 1000°C) for copper are 63.5 g/mol and 8.4 Yeapectively.

This problemmaybesolvedby usingfollowing equations
It is first necessaryhowever to determinethevalueof N, thenumberofatomicsites

percubicmeterfor copper,

form its atomicweight A ., ,its density p andAvogadro'snumberN , , accordingto

_ (6.023x10"atomsg mol)(84g/cnt)(10°cnt / nr’)
63.5g/ mol

=8.Cx10%®atom¢/ m*

B

Thusthenumberof vacanciesit1000°C isequalto N, =Ng eXF{_KE.\I/.j

= (8.0x10®atoms m*) ex —09ev
86

2x10°eV/K)(127XK)

= 22x10”vacancie¢ m®



1D Defects : DISLOCATIONS

EDGE fo-----------1 MIXED - " SCREW

1

 Usually dislocation have a mixec characte anc Edge anc Screv
dislocations are the ideal extremes

DISLOCATIONS

» Geometrically necessary dislocations



Introduction

Dislocation is a boundary between the slipped and the unslipped parts of the
lying over a slip plane

The intersection of the extra half-plane of atoms with the slip p
defines the dislocation lingor an edge dislocation)

Direction and magnitude of slip is characterized by the Burgers vq
of the dislocationA dislocation is born with a Burgers vector and expresses it eve
its death!)

The Burgers vector is determined by the Burgers Circuit

Right hanc screw (finish to start conventiol is usec for determining
the direction of the Burgers vector

crystal
ane

pctor
N N

As the periodic force field of a crystal requires that atoms must move

from one equilibrium position to another= b must connect on
lattice position to anothdfor a full dislocation)

Dislocations tend to have as small a Burgers vector as possible

The edge dislocation has compressive stress field above and tensile isicebsiow
the slip plane.

Dislocations anenoreaquilinwm defedisaactwaultd leave tihecorystalf given aam

S

opportunity




Burgers Vector

O
o Edge dislocation
o
° Finish
o
o
o .
e Slip
Plan
Perfect cryst:
RHFS:
Right Hand Finish to Start convention
Direction o vector
dislocation line vector
5T atrs
e o i /_

Direction o vector

Crystal with edge dislocation




A dislocation has associated with it two vectors:

t - A unit tangat vectoralongthedislocation line

—

b - TheBurgersvector

- |
_ Compressive stress field ] |
1 |
© 0 000 0O 06 0 0 O | \1. \i /
© 0O -
© 06 0 ‘-. f . |
O O O Slipped Unslipped
—————————————————————— part part
© o of the of the
O O crystal crystal
© O
© O

Dislocation is a boundary between the slipped and
the unslipped parts of the crystal lying over a slip
plane

Tensile stress field




Burgers Vector in Edge & Screw dislocations




+ve & -ve edge dislocations

Positive edge dislocation

Negative edge dislocation
J' Can come together and cancel

one another
ATTRACTION J

‘A REPULSION ‘




Motion of dislocations

Conservative Motion of dislocations
(Glide) On the slip plane
Motion of Edge
dislocation
Non-conservative Motion of dislocation
(Climb) [1to the slip plan

[ For edge dislocation: @sl]t — they define a plane> theslip plane

J Climb involves addition or subtraction of a rowaibms below the
half plane

» +ve climb = climb up— removal of a plane of atoms
» —ve climb = climb down— addition of a plane of atoms




Edge Dislocation Glide
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O 0 0 0 0 0 0 O

Edge Climb

O 0 0 0 0 O
O 0 0 O 0 O

¥
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O 0 60 60 6 60 0 ©

Positive climb
Removal of a row of atoms

O 0 0000 0O
o 0o ©©0 00 o0 o0

o o0 00000

O 0 0 0 0 6 0 O

Negative climb
Addition of a row of atoms



Screw dislocation
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Screw dislocation cross-slip

Slip plane 2
AN

AN

N

N

/' b

Slip plane .

-

[

/]

12

The dislocation is shown crosipgipgifrg finaimetidalpfElardddhibeygreanpfas
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(J The dislocation line ends on

v" The free surface of the crystal
v Internal surface or interface
v Closes on itself to form a loop

v" Ends in a node

 Anode is the intersection point of more than two dislocation
 The vectoral sum of the Burgers vectors of dislocations mgeit a node =0




Geometric properties of dislocations

Type of dislocation

Dislocation Property
Edge Screw

Relation between dislocation 5 I
line (t) andb
Slip direction || tdo || tob
Direction of dislocation line

. | []
movement relative tb
Process by vyhlch dislocation Glide/Climb Cross-slip
may leave slip plane
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Mixed dislocations
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We are looking at the plane of the cut (sort of
semicircle centered in the lower left corner). Bl
circles denote atoms just below, red circles atoms
above the cut. Up on the right the dislocation is a p
edge dislocation on the lower left it is pure screw.

a
ue
just
ure
In

between it is mixed. In the link this dislocation is shown

moving in an animated illustration.




Energy of dislocations

[ Dislocations have distortion energy associated tigm

O E per unit length

 Edge — Compressive and tensile stress fields

Screw— Shear strains

Elastic

Energy of dislocation <

Non-elastic(Core, ~E/10

1

Energy of a dislocation / unit length—— E EIE Gb? G — (W shear modulus

b — |b|

Dislocations will have as smdllas possible

Full
Dislocations
(in terms of lattice translation)

Partial

b — Full lattice translation

b — Fraction of lattice translation




Role of Dislocations

Deformats IS
Diffusion
Fatigue (Pipe)

Fracture

Slip

\ 4

Incoherent Twin

Grain boundar
(low angle)

\ 4

\ 4

Semicoherent Interface

=4

Disc of vacancies
~ edge dislocation

\ 4

Formation of dislocations(in the bulk of the crystal

—

S

1 Due to accidents in crystal growth from the melt
 Mechanical deformation of the crystal




2D Defects : Surface defects

O 2D in a mathematical sense
 The region of distortion is ~ few atomic diameterghickness

Low
angle
External
/ Grain boundar High
angle
2D DEFECTS

(Surface / Interface

\ Homophas Twin Boundary
Internal

Stacking Fault:is

Heteropase

Coherent Incoherent Semi-coherent




Grain Boundary

 The grain boundary region may be distorted with atoms beahmngo
neither crystal

 The thickness may be of the order of few atomic diameters
 The crystal orientation changes abruptly at the grain bagnd
 In an low angle boundary the orientation difference is < 15°

 In the low angle boundary the distortion is not so drastic be
high-angle boundar — car be describe as ar array of
dislocations

 Grain boundary energy is responsible for grain growth ontihga
~ (>0.5T)

] Large grains grow at the expense of smaller ones

d The average no. of nearest neighbours for an atmmthe grain
boundary of a close packed crystal is 11




Twin Boundary

 The atomic arrangement on one side of the twin boundary a&eelto
the other side by a symmetry operation (usually a mirror)

 Twin boundaries usually occur in pairs such that the oriemia
difference introduced by one is restored by the other

 The region between the regions is called the twinned region

Annealing twingformed during recrystallization)

Twin

Deformation twingformed during plastic deformation)



Stacking Fault

1 Error in the sequence of stacking atomic plareStacking fault
1 Defined by a shift vector

FCC stacking—1 ...ABC ABC ABC ABC...

.

—

...ABC AB AB ABC...

\

Thin region of HCP type of stacking

FCC stacking
with a stacking fault

 In above the number of nearest neighbours remaesame
but next-nearest neighbours are different thanitheCC

 Stacking fault energy ~ 0.01 — 0.05 3/m
 Stacking fault in HCP can lead to thin region ofG~kind of stacking




3D Defects : volume defects

Volume defects in crystals are three dimensioggr@gates of atoms or vacancigs

Volume defects

Precipitates Dispersants Inclusions Voids (or pores)

PRECIPITATES

Precipitates are small particles that are introduced iht matrix by solid state
reactions. While precipitates are used for several pugoseeir most common
purpose is to increase the strength of structural alloysdiym@ as obstacles to the
motion of dislocations. Their efficiency in doing this depks on their size, thejr
Internal properties, and their distribution through thitda. However, their role in the
microstructure is to modify the behavior of the matrix ratkigan to act as separate
phases in their own right.




3D Defects : volume defects

DISPERSANTS

Dispersants are larger particles that behave as a second phase as wdlleaxing the
behavior of the primary phase. They may be large precipitates, grains, or paljaraarticles
distributed through the microstructure. When a microstructure contaspeiants suc
properties as mechanical strength and electrical conductivity are sonragavef the

h

properties of the dispersant phase and the parent.

INCLUSIONS

Inclusion: are foreigr particles or large precipitate particle. They are usually undesirabl

constituents in the microstructure. For example, inclusions have a delstezffect on the

useful strength of structural alloys since they are preferential ftefailure. They are alst
often harmful in microelectronic devices since they disturb the geometryeofiélvice by,
interfering in manufacturing, or alter its electrical properties byodticing undesirabl

L4

a)

-

properties of their own.

VOIDS (OR POREYS)

Voids (or pores) are caused by gases that are trapped during solidification wachycy,
condensation in the solid state. They are almost always undesirable ddfeets principal

effect is to decrease mechanical strength and promote fracture atlcaussl




Questions..?

Differentiate Frenkel and Schottky defects.

Find the equilibrium concentration of vacancies in alumnmi(eV/vacancy = 0.7C
AH; =68 KJ/mol) and nickel (eV/vacancy = 1.74H; = 168 KJ/mole) at OK, 300K
and 900K.

Why point defects are called * Equilibrium defects”. Stateliyreasons

Compute the line energy of dislocations in BCC iron. The Rusgvector in iron is

of the %<111> type. The shear modulus of iron is 80.2 GN[a¢ £ -2.87A]

The surface of copper crystal is of the {111} type. Calcultte surface energ
(enthalpy of coppe. [a e pe 23.614]

The surface energy of a single crystal depends on crystaldbgc orientation. Doe
this surface energy increase or decrease with an incregéanar density. Why?

Calculate the energy for vacancy formation in silver, giitbat the equilibrium
number of vacancies at 800°C (1073K) is 8.60°*m3. The atomic weight an
density (at 800°C) for silver are respectively, 107.9 g/amud 9.5 g/crh.

Cite the relative Burgers vector—dislocation line ori¢iotas for edge, screw, an
mixed dislocations.

For a given material, would you expect the surface energyetgreater than, th
same as, or less than the grain boundary energy? Why?
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Questions..?

10.

11.

12.

13.

14.
15.

The grain boundary energy of a small angle grain boundamsis than for a hig
angle one. Why is this so?

For a BCC single crystal, would you expect the surface enfagg (100) plane

to be greater or less than that for a (110) plane? Why?

If there are 18 m? of edge dislocations in a simple cubic crystal, how m
would each of these climb down on an average when the crgshadated from (
to 1000K? The enthalpy of formation of vacancies is 100 KJ-indhe lattice
parameter is 2 A. The volume of one mole of the crystal is619°¢m?

Whai is the geometr of edge dislocation” How did the concep arise’ What is the
geometry of the screw dislocation? Differentiate Edge acré\8 dislocations

Write short note on Volume defects

What is the Burgers vector of a dislocation? How is the Buggmircuit used tc
define the Burgers vector ?
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