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Hello, today actually we are going to discuss about the transformation of phases, if you
remember in our last two lectures we have discussed about the phase, about the phase diagram
and then how we are getting the different materials at different temperature.

So in this particular course we are going to discuss about the phase transformations means we are
going to change the material phases from one phase to another, so that we can get the better
properties in terms of mechanical properties or maybe the thermal properties or maybe the
electrical properties, sometimes it is required for us from the material scientist point of view that
to change the material properties for gaining the materials in a wider applications.

Why Do We Study Phase Transformation? @

@ » The tensile strength of an Fe-C alloy of eutectoid composition can
be varied between 700-2000 MPa depending on the heat treatment
process adopted.

* This shows that the desirable mechanical properties of a material can
be obtained as a result of phase transformations using the right heat
treatiment process.

* In order to design a heat treatment for some alloy with desired room
temperature properties, time and temperature dependencies of some
phase transformations can be represented on modified phase
diagrams. V.
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So first we are going to discuss that why we need to study about the phase transformations, say
suppose I am giving you one small example, so the tensile strength of an iron carbon alloy of
eutectoid compositions and be varied between 700 to 2000 megapascal depending on the heat
treatment process adopted, so that means suppose I am having one materials, I am supplying the
heat to that materials and the material is changing or maybe its segregating from one phase to
another phase and it is giving you the better mechanical properties, the source that desirable
mechanical properties of materials can be obtained as a result of phase transformations using the
right heat treatment process, yes off course it should be the proper, it doesn’t means that every
time I can give some heat or maybe I can cool down the materials and the material will give that
desired properties no, there is some specific conditions and it varies from materials to materials
physical properties that it can show the better properties.

In order to design a heat treatment for some alloy with desired room temperature properties, time
and temperature dependencies of some phase transformations can be represented on modified
phase diagram, yes of course the material which we are preparing day to day in our labs or
maybe in the industry, so just to increase certain kind of properties, we can do the heat treatment
process of that particular materials, but we have to know the phase transformations of that
materials that at what temperature, at what pressure the material will behave or maybe it can give

iou the better ﬁmﬁerties.

Phase Transformation:
Phase:
» Homogeneous portion of system that has uniform physical and chemical charactenstics.

= It 1s physically distinct from other phases, chenucally homogeneous and mechanically
separable portion of a system

Phase Transformation:

» Process of formation of a new phase with a distinct physical or chemical character or a
different structure than parent phase

Plasima
|

* Change of one phase into another.

» Example: Gas
v Water — lce ; Liguid §
- Fe (BCC) — - Fe (FCC) A~ s }

Salid e

Process of Phase Tronsformation

¥
v y- Fe (FCC) — - Fe (ferrite) + Cementite (invelves change in composition)
¥ Ferromagnetic phase — Paramagneuc phase (based on a property)
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So first, before going to start let us know what is phase? So phase is the homogeneous portions
of system that has uniform physical and chemical characteristics, it is physically distinct from
other phases, chemically homogeneous because the material throughout the whole area or maybe
the whole volume it will show you the same properties, and mechanically separable portions of a
system.

Now what is phase transformations? Process of formation of a new phase with a distinct physical
or chemical character of a different structure then parent phase, change of one phase into the
another say simple we are changing the phase from one, maybe from solid to liquid, or maybe
sometimes it may happen from liquid to solid or maybe sometimes it may happen from solid to



solid or maybe liquid to liquid, so there are so many types or maybe so many steps are available
by which we can change the properties of the material. So suppose if I give an example, say
suppose from water to ice, simple from liquid to solid we are changing its phases, alpha, iron,
BCC to gamma iron FCC structure or maybe from gamma iron FCC to alpha, iron, ferrite +
cementite which involves changing in compositions, some ferromagnetic phase to paramagnetic
phase based on a property, so sometimes we can change the magnetic properties of that materials
also, and this is the things which I also discussed in our last lecture that suppose if I go directly
from the solid to liquid, so I’'ll go through the melting and from liquid to solid I’ll come through
the freezing process. Liquid to gas I’ll go to the vaporization process and from gas to liquid it
will be the condensation process, if I go to solid to gas directly, it is called the sublimation
process and if it is from gas to solid it is called the deposition process, and if I go for the gas to
plasma which is generally we are thinking that it is the four state matter or maybe fourth state of
any kind of materials, so direct if I go, want to go from gas to plasma it is called the ionization

ﬁrocess and from ﬁlasma to %as it is called the deionization Rrocess.

Classification of Phase Transformation:

Simple Diffusion Dependent Phase
Transformation

Classification of phase .  Complex Diffusion Dependent Phase
transformation Transformation .

Diffusion Less Phase
Transformation
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So now we have to discuss about the classifications of the phase transformations, so it is divided
into three parts, first one is called the simple diffusion dependent phase transformations, second
one is called the complex diffusion dependent phase transformations, and third one is called the
diffusion less phase transformations.



Simple Diffusion Dependent Phase Transformation: e —
= No change in composition. - ,__H'\

= No change in phases.
= Example: Melting/solidification of pure metals, grain 5‘3-'&!5,.{*:.-_'33 S
growth, recrystallization, allotropic transformations. o

Complex Diffusion Dependent Phase Transformation:

* (hanges in phase compositions. N fer . HERE
) 1 5 "lf '|.|I| I:.;.I'I.Iul |I|'| I.lelll,l L :
» (Changes in number of phases. ..Mu...m oy :" ' .

*  Example: Eutectoird transformations. o

Eutectoid translormation

Diffusion Less Phase Transformation:

* Produces metastable phase.

* Involves small displacements of all atoms in structure.

Laice-digonie displacement Shuttie

*  Example: Martensitic transtormation Diffusion less transformation

_— MFTIL OHUME
' i e R e £ AovaNcEDCOMPOSITE LaB

So what is simple diffusion dependent phase transformations, so in that case no change in
compositions, no change in phases. Example, melting and solidification of pure metals, grain
growth, recrystallization, allotropic transformations, say suppose I’'m having any solid metals, in
that metals some impurities are there, so what I am going to do? Either I’ll dissolve into some
solvent or maybe I can heat it and then simple from that I’ll remove the impurity, so in this case
you can see that from by the sol-gel methods we are dissolving in some hot solvent and then after
filtering just we are removing the filtrate or maybe the impurities from that particular material.
Next is called the complex diffusion dependent phase transformations, where there is no change
in phase compositions only changes in number of phases, example the eutectoid transformation,
say suppose I am having the gamma austenite and I am doing the eutectoid transformations over
there, so I am getting 2 types of phases over there, one is called the cementite which is nothing
but the Fe3C, another one is called the alpha ferrite, and you can distinctly see the crystal
structure of this two phases are different, then we are going to discuss about the diffusion less
phase transformations which produces the metastable phase involves small displacement of all
atoms in structure, example martensitic transformations, in this image you can understand that
the atom they are going to shipped or maybe they are going to change their places and due to that
some shuffling is taking place, some distortion is taking place in this particular point and some
are the undistorted atoms, so like this way the diffusion less phase transformations is taking
place.
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Kinetics of Phase Transformation:

Kinetics: Study of reaction rates of phase transformation.

. » Involve change in structure and compaosition.
Phase Transformation . o . . P
» It's the re-arrangement & re-distribution of atoms which requires diffusion.

Process of phase transformation involves

ﬂJ NHC"’I'.’H”‘I‘”': S-shape curve: percem of
matenal wansfonwed va

1l Eagarithin of lime

= [nvolves the appearance of very small particles. or nuclei of new
phase which are capable of growing. 5 o

*  Nucleus forms when Gibbs free energy. . of system  decreases. ,‘
AG = (-v¢) negative

b} Growth: i | . |

L ]l]crﬁﬂse n SiZE Dfl'lu':lﬂus at thﬂ expense le pﬂIellt Phﬂse. Kinerics of Plase Transforsmation
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Now what are the actual kinetic of phase transformations? So generally the kinetics is the study
of reaction rates of phase transformations, so phase transformations generally it involves in
change in structure and compositions of any kind of materials, it’s the rearrangement and
redistribution of atoms which requires the diffusion process, so process of phase transformations
involves two things, one is called the nucleations, another one is called the growth.

Nucleation means the it is the initial stage, so first the material with nucleate it will start to be
born and then after that, that will become bigger and bigger, so it’s like a humans birth type of
things, so suppose I am having the embryo then it will be little bit bigger so it’s like a baby, so
nucleation is taking place and then from that baby to the mature person that means the growth is
taking place, so nucleation involves the appearance of very small particles or nuclei of a new
phase which are capable of growing, so that means it is the small things in which it is going to
grow.

Nucleus forms when Gibbs free energy G of system decreases, del G is called, here is the
negative. Now growth, growth is the increase in size of nucleus at the expense of parent phases,
so now it has been born and now it will become bigger and bigger, so here this is known as the
nucleations, and then after that the growth has started tremendously and this is the graph of
fraction, of transformations versus logarithmic of heating time.



/ Types of Nucleation \

1

Homogeneous Heterogeneous |

nucleation nucleation |
¥ Nuclei of the new phase form uniformly ¥ Nuclei form at  swuctural
throughout the parent phase inhomogeneities.  insoluble  1mpurities.

grain boundaries, dislocations cte.

v" Require supercooling (80-300) °C).
. 3 = e e v" Require shight supercoolng ((1.1-10°C).

- @ L ]
; . . e @ '.'. '.ii: .'..- ..-.:
. " " L - e e ® o8 ®
.® *
% ) (14 i o® o' [l B
T L L Nt i H st g "Il e auclees.
} " . et ; : :
i ty 1 1 iz &}
Homogeneous nucleation Heterogeneous nucleation
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Now there are two types of nucleations, one is called the homogeneous nucleations, another one
is called the heterogeneous nucleations, what is homogeneous nucleations? First, I’ll tell you the
theory, nuclei of the new phase form uniformly throughout the parent phase require super
cooling of 80 to 300 degree centigrade, from this image you can understand that at time T1 that
nucleations begins, means small, small particles or maybe the atoms has been formed, and then
after that growth at nucleations, so whatever has formed earlier that is becoming bigger and
bigger and also some new phases or maybe the new atoms are still forming, so like this way it is
called the homogeneous, so at last growth and nucleations of the new bubbles is going at higher
time also, and when we are talking about the heterogeneous, heterogeneous means nuclei form at
structural inhomogeneities, insoluble impurities, grain boundaries and the dislocations, require
slight super cooling it’s 0.1 to 10 degree centigrade, so in this particular case nucleus have
started, no new nucleation will be there in future, so only the growth will be taking place of that
existing nucleations, so no new nucleations just growth is taking place and at the higher time also
the same thing is happening.



Homogenous nucleation:

¥ It occurs when there are no special object inside a phase which can cause nucleation
v It1s also called as selt nucleation.

v' Requires super cooling or super heating for nucleation to occur.

¥ Probability of nucleation 1s same throughout the volume of the parent phase.

Example: When a pure liquid metal is cooled -
slowly below its equilibrium freezing temperature
to a sufficient degree numerous homogencous
nuclel are created by slow moving atom bonding
together in a crystalline form.
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Now we are going to details for the homogeneous nucleations, it occurs when there are no
special object inside the phase which can cause the nucleations, it is also called as the self-
nucleations, requires super cooling or super heating for nucleation to occur, so super cooling and
super heating is required, probability of nucleation is same throughout the volume of the parent
phase, what is the example? When a pure liquid metal is cooled slowly because it’s equilibrium
freezing temperature to a sufficient degree numerous homogeneous nuclei are created by slowly
moving atom bonding together in a crystalline form, so in this particular case what happened? So
crystal nucleus is forming and then after crystal growth is taking place, but still some new atoms

are creating or maybe the bubbles are creating, so this is the examples of the homogeneous
nucleations.



Solidification of a metaf:

*  Above melting pomnt T,
¥ (Liquid free encrgy) Gy < G, (Solid free energy).
¥ Free energy change for solidification, AG > 1.
— ——
* Below T, AG < 0 and nuclel of sohid phase form,

Fras arbrgy. G —=

*  Two contributions to free energy change, volume free energy (AG,) and surface | vorme
free energy (), due to creation of a new surface,

*  Taking nucleus as a spherical particle of radius ‘r'; ﬂG=;1‘rr" AG, + 4mriy ol -
E ! Araa = Aer®

inderface

* Tiny particle of solid that forms first will be stable only when it achieves a i
: Solid sphere

critical radius (r*). Below the critical radius it is unstable and is called embryo,

= Since this happens at the maximum of the AG vs. 'r’ curve. o Lo Aty
d(AG) 4 AG,(372) + 4my(2r) = 0 |
=M r my(2r) =
dr 3 ”( ¥
. e owielde N . lemy?
This yields, " = ac, and AG = 306,)°
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Now we are going to discuss about the solidifications of a metal, so above melting point like Tm
generally we are giving the notations for the melting temperature, liquid free energy Gl is less
than Gs so which is called the solid free energy Gs, so free energy change for solidification del G
is greater than 0, so below melting temperature del G is less than 0 and nuclei of the solid phase
form means it starting, two contributions to free energy change, volume free energy that is del
Gv and surface free energy that is gamma due to creation of a new surface. Taking nucleus as a
spherical particle of radius R, so in this particular case this is the formation is taking place,
nucleation has started, so suppose this is the atom and we are taking its radius as a R, so this is
the solid liquid interface and the rest of the area is the liquid one, so del G =4/3 pi R cube del Gv
+ 4 pi R square gamma, tiny particle of solid that forms first will be stable only when it achieves
a critical radius R prime, below the critical radius it is unstable and it is called the embryo, that
means it has been started and then this radius is not stable, after certain time it will achieve the
stable radius or maybe the stable shape or maybe the size.

Since this happens at the maximum of the del G versus R curve, so D upon del G/dr = 4/3 pi del
Gv (3r square) + 4 pi gamma (2r) = 0, this yields R prime = 2 gamma/del Gv and del G prime =
16 pi gamma cube/3 del Gv square.



Heterogeneous nucleation:

v Nucleation occur at the interphase between two phases or at the gramn boundary.

v' Probability of nucleation is much higher at certain preferred sites such as mold wall,
inclusions. grain boundaries, compared to rest of the parent phase.

Example: Solidification of a liquid on an inclusion surface

T .Hrlfrrur-lln'fa'ﬂri'rf wnrface

* It has three interfacial energies that exist at two phase boundaries: =—| © - vlid surface
- Hgnid seerfoce
*  0is wetting angle formed between yqp and g vector, -
»  Surface tension force balance in the plane of flat surface 15 given by: Liguid
YiL = Yis + ¥Yspcos8 . Aoy Sokd
I Tig
i o : . 2ysL = 16my” -
*  With a similar approach it can be shown: r* = — — and AG" = —-—n“uz 5(8)
v ¥

=  The small value of 0 ensures that the energy barrier (A G) is effectively lowered

in heterogeneous nucleation,
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So now we are going to discuss about the heterogeneous nucleations, so already I told that in the
heterogeneous nucleations no new nucleation will be taking place, only whatever the nucleations
has already been done in earlier the growth will be only taking place, so in this case nucleations
occur at the interface between two phases or at the grain boundary, probability of nucleations is
much higher at certain preferred sites such as mold wall, inclusions, grain boundaries, and
compared to the rest of the parent phase, example solidification of a liquid on an inclusion
surface, so suppose we are having that liquid and solid and then this surface is known as the
gamma IS which is nothing but the solid surface, and gamma IL which is nothing but the liquid
surface, and gamma SL which is called the solid and liquid surface is this one.

So now it has three interfacial energies that exists at two phases boundaries, theta is wetting
angle formed between the gamma SL and gamma SL vector, so generally we are doing it by the
contact angle measurement, so surface tension force balance in the plane of flat surface is given
by gamma IL = gamma IS + gamma SL cos theta with a similar approach it can be shown that R
prime = -2 gamma SL/del Gv, and del G prime = 16 pi gamma cube SL/3 delta Gv square into S
theta, so the small value of theta ensures that energy barrier del G is effectively lowered in
heterogeneous nucleations.
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Nucleation and Growth Kinetics:

*  Growth: [t is the increase in size of nucleus at the expense of parent phase.

*  Growth rate (G) is determined by rate of diffusion, and its temperature dependence is same
as for diffusion coefficient.

G=Cexp|— E
kT
*  Once the embryo exceeds the cnitical size r*, growth of nucleus | Toh-oooooooooooooo.
- - Hucleal
starts and nucleation continues simultaneously. . e Growth rate
*  Nucleation and growth rates are function of temperature %
& -
. - o T, O
* Nucleation rate increases with cooling rate and degree of | £ __anaoamation
o - = - rate
undercooling (A1'=1,,-1)

*  High nucleation rate and low growth gives finer gram size. =
ate

v for sucleanos rate (0 grosal sane (L), aed

[ Cverall ransformation vate = product of nucleation and growth FAIES | | et wosformation raie v tomperaton
it
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So now nucleation and the growth kinetics, growth it is the increase in size of nucleus at the
expense of parent phase, growth rate G is determined by the rate of diffusions and its temperature
dependence is same as for diffusion coefficient, so G = C exponential (-Q/KT), once the embryo
exceeds the critical size R prime which I have already told that critical diameter when it will
cross growth of nucleus starts and nucleation continues simultaneously, nucleations and growth
rates are function of temperature that means all the embryo is not going to be born, so it should
first reach the critical diameter or maybe the critical radius and then after that the nucleation or
maybe the grain growth will be taking place.

Nucleation rate increases with cooling rate and degree of under cooling that means del T = Tm —
T, Tm is the melting temperature. High nucleation rate and low growth gives the finer grain size,
so what is the consequence? Overall transformation rate means product of nucleations and the
growth rates, so here is the graph that is temperature into the Y axis and the rate into the X axis
and you can see that this is the nucleation rate, this is the growth and this is the melting
temperature of that materials and this is the overall transformation rate which is nothing but the
product of this nucleation rate and the growth rates.



Rate of Phase Transformation:

Transformations follow a characteristic S-shaped, or sigmoidal curve.

Modeled by the Avrami equation:

y=1-exp(—kt")

where k, n are time independent constants.

Rate of phase transformation is the reciprocal of time for transformation to proceed halfway

to completion.

*

Rate increases with temperature,

r =1/, = Ae"YRT - [Arrhenius expression|
where, R= gas constant, A=Arrhenius constant, Q= activation energy, T=temperature (K).
o

Rate is often small, so equilibrium is not possible.

Ti“r!% {min]
ILogarithmikc scale)

rp—

ey Maprevdewse af Trawsformation Rate for Capper

IW: " V¥ =1 T
L] i h,
4 E I { Tanslormation complete
L | ] Fueed T
&= 4o . ]
E my ! ;'-:EI 5 PR TLITS Pl P achEd = Now ANGUNE
a; e 5 uncaneerlad decreanes 5o rale o

V
| A FERERSES A SUMECE RN INCIRASES
5 & nuclei grow

lag I

MFTIL GHUME

CERTIFICATION COURSE Lt ADVAKNCED COMPOSITE LAE

' R Tea] T4

Now we are going to discuss about the rate of phase transformations, so transformations follow a
characteristics S-shaped or maybe the sigmoidal curve, so modeled by the Avrami equations
which is known as the Y = 1 — exponential (-kt to the power n), where K and N are time
independent constants. Rate of phase transformation is the reciprocal of time for transformation
to proceed half way to completions which is R prime = 1/t0.5 = Ae to the power —Q/RT that is
known as the Arrhenius expressions, where R is the gas constant, A is the Arrhenius constant, Q
is the activation energy, and the T is the absolute temperature that is in kelvin. Rate increase with
temperature, rate is often small, so equilibrium is not possible, so in this particular case you can
see that with the temperature that how the percent recrystallizations is taking place, temperature
dependence of transformation rate for copper, so this is the example.



. _____________________________________|
Supercooling and Superheating:

=  (Crossmg a phase boundary on composition-temperature phase diagram, phase transformation towards

equilibrium state is induced, -

=  But ransition to equilibrium structure takes time and transformation is delaved.

* During cooling. transformation occur at temperatures less than predicted by phase diagram:
supercooling,

= During hcating. transformation occur at temperatures greater than predicied by phase diagram:
superheating.

= Degree of supercooling/superheating increases with rate of cooling/heating

= Driving force to nucleate increase as AT increases.

Swmall é é [ Few muclei ‘ [ Large crystaly
supercoeling '

Large |
suprerceooding |
J
e L LadiN=1"11§
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v Metastable states can be formed as
result of fast temperature change.

Sueerll
nncleation
ritte

¥ Microstructure 15 strongly  alfected
by cooling rate

[ 1 ¥ Effeet of time on  phase

Swvall crystals transformation 15 explained using
Iron-carbon alloy,

Fopid
nucleation é My nucled
rate

]

Now we are going to discuss about the super cooling and the super heating because super cooling
and super heating is having a very high impact on this nucleations or maybe the grain growth, so
crossing a phase boundary on composition temperature phase diagram, phase transformations
towards equilibrium state is induced, but transitions to equilibrium structure takes time and
transformations is delayed. During cooling transformation occur at temperature less than the
predicted by the phase diagram that is known as the super cooling. And super heating during
heating transformations occurs at temperature greater than the predicted by the phase diagram
that is known as the super heating. Degree of super cooling and super heating increase with rate
of cooling and heating. Driving force to nucleate increase as del T increases, so small super
cooling is the small nucleation rate is few nuclei and large crystals, large super cooling is the
rapid nucleation rate, many nuclei and small crystals.

So metastable states can be formed as result of fast temperature change, microstructure is
strongly affected by the cooling rate, effect of time on phase transformations is explained during
the iron, carbon alloy.
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Deeree of supercooling (At) values for several metals:

Metal AT (°C)

Antimony 135

Germanium 227

Silver 227

Gold 230

Copper 236

Iran 295

Nickel 319

Cobalt 330

Palladium 332 )
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So now degree of super cooling del T values for the several methods, say suppose we take the
antimony it is 135 degree centigrade, generally copper is required for us because we are widely
using the copper that is 236 degree centigrade, iron is 295 degree centigrade, nickel is 319 degree
centigrade, then cobalt is 330 degree centigrade or maybe the gold is 230 degree centigrade so

this is the deﬁree of suﬁer coolinﬁ for various metals.

Iron-Carbon Phase Diagram:

- Iron-Carbon Phase Diagram _—
Five Phases in Fe-C systen: ' '
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Now we are going to discuss about the famous iron-carbon phase diagram, so five phases are
present in the iron-carbon systems, so first is called the alpha ferrite, so alpha ferrite it is the
interstitial solid solution of carbon in BCC iron, maximum solubility of C is 0.025 after that the



C will not be dissolved into that phase, exists from 273 degree centigrade to 910 degree
centigrade, so from this we can get the alpha ferrite and then we are going to austenite that is
gamma phase, interstitial solid solution at carbon in FCC iron, maximum solubility of C is 2.1%
so solubility of carbon has been enhanced, exists from 910 degree centigrade to 1394 degree
centigrade, then we are having the delta ferrite. Solid solution of C in BCC iron C, just we are
changing the temperature the solubility of carbon is increasing and also the phase of that material
is going to be changed, first it was in C in BCC, then C in FCC and then C in again BCC it is
coming, maximum solubility of C is 0.09, it has been reduced.

Exists over temperature of 1394 degree centigrade to 1593 degree centigrade, again we are
moving to cementite it is the intermetallic compound, C content in Fe3C is 6.67% and the last
one is called the liquid iron carbon solutions, so this is coming in this particular case, so in this
particular case you can see there are several things it is the carbon percentage is 0 to 6.67
percentage and temperature is increasing in this directions, so this is into the Fahrenheit and this
is into the centigrade scale, so when we are talking about we are getting so many phases
cementite + pearlite + transformed ledeburite, in this zone we are getting the pearlite or maybe
the cementite when the carbon perishes below 2% and its almost 0.8 to 2%, it is only the pearlite
ferrite then we are getting the 910 degree centigrade is up to this case almost, so in this case we
can get austenite + cementite + ledeburite or maybe into the higher carbon percentage we are
getting the cementite + ledeburite, so this all are the different phase, so based on the carbon
compositions and based on the temperature we are getting the different phases of iron-carbon

s‘stem.

Critical temperaturesin Fe-C system:

*  Eutectoid temperature (727 °C}) during heating and cooling is A, and A;.
fwhere, A for arrét farvest), ¢ for chauffage (heating) and r for refroidissement (coolinglf.

* At normal rates of heating or cooling, A, = A,

= A, al 768 °C is currie temperature above which Fe turns paramagnetic while heating.

= Temperatures corresponding to (y + a)/y and (y + Fe;C)/y phase boundaries are function of
carbon content, represented as A; and A,

=  Eutectic temperature 15 1146 °C & Peritectic temperature is 1495 °C.

- Classification of ferrous alloys based on carbon content:

¥ Iron: containg less than 0008 wi % C in g-lerrite at room temperature,
¥ Steel: 0.008 - 2 14wt % C (usuallv < 1 wt % ) a-ferrite + Fe,C at room temperature.

. v Castlron: 2,14 - 6.7 wit % (usually < 4.5 wi %).

.,
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So critical temperatures in the iron carbon systems, eutectoid temperature generally 727 degree
centigrade during heating, and cooling is AC1 and AR1, where A for arret that means arrest, C
for chauffage that means heating and R for refroidissement that means cooling, at normal rates of
heating or cooling AC1 is greater than is equal to AR1, A2 at 768 degree centigrade is currie
temperature above which iron turns paramagnetic while heating, temperature corresponding to
gamma + alpha/gamma and gamma + Fe3C and gamma phase boundaries are function of carbon



content represented as A3 and ACM, eutectic temperature is 1146 degree centigrade and
peritectic temperature is 1495 degree centigrade.

Now what is the classifications of ferrous alloys based on carbon content, iron contains less than
0.008 weight percent of carbon in alpha ferrite at room temperature, steel 0.008 that means 2.14
weight percent in carbon usually less than 1 weight percent alpha ferrite + Fe3C at room
temperature, cast iron generally carbon percentage varies from 2.14 to 6.7 weight percent usually

less than 4.5 weiﬁht percent.

Phase Transformation in Fe-C System: N S . & Femile
y Peritectic reactions /- iton Auslenite
[t comprises of three invariant reactions as , Eutectic reactions |LL '!_.'Ll-:'tlll.ill.".l-]lllc
Eutectoid reactions v FeC Ledeburite

a) Peritectic reaction at 1495 °C: 4 o+ Fe,C  Pearlite

= L{0.53% C) + a-ferrite (0.09% C) — y-iron (austenite) (0.17% C).
b) Eutectic reaction at 1146 °C:
* L(4.3% C) = y-ron (2.1 % C) + FeyC (6.67% C),
*  LEutectic mixture of austenite (y) and cementite (FesC) s called Ledeburite.

*  Compositions right and left of 4.3% are called hyper and hypoeutectic steels (Cast iron).
¢) Eutectoid reaction at 727 °C:

= oy (08% C)= a(0.025% C) + FeyC (6.67% C).

*  Eutectoid muixture of ferrite (o) and cementite (Fe;C) s called Pearlite.

*  Compositions right and left of 0.8% are called hyper and hypocutectoid steels.

*  Compositions up to 2.1% C are steels and beyond this are cast iron,
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Now phase transformations in iron-carbon systems, so it comprises of three invariant reactions as
peritectic reactions, eutectic reactions, and the eutectoid reactions, so in this particular case delta
is the ferrite, gamma iron is known as the austenite, alpha is known as the ferrite, Fe3C is known
as cementite, gamma + Fe3C is known as ledeburite and alpha + Fe3C is known as pearlite. So
what is peritectic reactions at 1495 degree centigrade, so in this particular case the L = 0.53% C
+ delta ferrite 0.09% of C converts into gamma iron austenite which is having 0.17 percent of C.
What is eutectic reactions at 1146 degree centigrade, L 4.3% of carbon converts into gamma iron
that is 2.1% of carbon + Fe3C that is 6.67% carbon. Eutectic mixture of austenite and cementite
is called the ledeburite.

Next compositions right and left of 4.3% are called the hyper and hypoeutectic steels or maybe
known as the cast iron. Eutectoid reactions at 727 degree centigrade, so gamma 0.8% C converts
into alpha 0.025% C + Fe3C 6.67% of C, eutectoid mixture of ferrite and cementite is called the
pearlite, compositions right and left of 0.8% are called the hyper and hypoeutectoid steels,
compositions up to 2.1% C are steels and beyond this are cast iron, so simple by the presence of
carbon with temperature simple we can get that different materials like stainless steel, like cast
iron, like mild steel so this can be achievable.



fCB Microstructures:

=  Microstructure depends on composition (carbon content) and
heat treatment.

* FEutectoid steel (0.8% C) will have 100% pearlite (p) at room
temperature (RT).

* Pearlite formed under equilibrium conditions consists of
alternate lamellas of ferrite and Fe,C.

* Hypoeutectoid steels — a + p.

* Hypereutectoid steels — FeyC + p.

=  Hypoeutectic cast irons consist of v + ledeburite (Le) below
eutectic temperature and p + FeyC + Le at room temperature
as the y transforms to Fe;C and p at eutectoid temperature.

& =  Hypereutectic cast irons will have a structure of Fe;C + Le.
s
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Now we are going into the details that about the microstructures, so microstructures depend on
compositions that means the carbon content and the heat treatment, eutectoid steel is having
0.8% carbon will have 100% pearlite at room temperature, pearlite formed under equilibrium
conditions consist of alternate lamellas of ferrite and Fe3C. Hypoeutectoid steel alpha + pearlite,
hypereutectoid steels that is Fe3C + pearlite. Hypoeutectic cast irons consist of gamma +
ledeburite below eutectic temperature and pearlite + Fe3C + ledeburite at room temperature as
the gamma transforms to Fe3C and pearlite at eutectoid temperature. Hypereutectic cast irons
will have a structure of Fe3C + ledeburite, so from this you can understand that structure of the
pearlite where we can find the Fe3C into the dark phases and alpha ferrite is into the light phases,
so when we are getting the optical microscope image so of the pearlite also, so you can see that
this is the hypoeuctectoid Fe3C which is green in colour and the red in colour is that eutectoid
Fe3C and alpha phase you are getting into the blue in colour.

Same thing the microstructure of the hypoeutectoid steel, so you can get the Fe3C, you can get
the pearlite, you can get the proeutectoid alpha, but in this particular case, but in this particular
case what happen, you can see the grain structure is totally different than this one, when we are
talking about the microstructure of the hypereutectoid steel, so you are getting the proeutectoid
Fe3C, eutectoid Fe3C alpha and the pearlite, so total the microstructure is changing.



A
Isothermal Transformation Diagram:

o — - —
= Gives relation between temperature and time for phase formation. g tumtoran ! Trasstwmation
i bemparasare hTSE I." ardi
* Also known as Temperature-time-transformation (T-T-T) [z = ’
. i3 Trasipmation |
diagram. I iV

o

1 TR T

Tirma {5}

= MNormal cooling rate forms pearlite {P), higher cooling rate forms
bainite (B).

* Size of pearlite or bainite depends on transformation temperature.

=  Martensite (M) forms when steel is cooled below martensite start

(M., ) temp at much higher cooling rate so that nose of T-T-T curve | g = £
ishown dotted) 1s avoided (the long blue arrow). B B
= 50 -
= [iffusion rates below M, 15 so low that y = M transformation is a \y -
H .l . _luﬂl::l:r
diffusion less process (C content remains same). aggf (IR
* Crystal structure changes from FCC (y) to body centered L

Tirae (s}

tetragonal (BCT).

Temperature-time-transformation ploe
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Now we are going to discuss about the isothermal transformation diagram, so it gives the relation
between temperature and the time of phase formations, so this is the time versus the temperature,
so how the temperature or maybe the transformation is taking place, so through this graph you
can get the time and transformation begins in this particular point then transformation is taking
places and the transformation ends in this particular point which is nothing but the percent of
austenite transform to the pearlite, so it is also known as temperature time transformations or
maybe that T-T-T diagram, normal cooling rate forms the pearlite, higher cooling rate forms the
bainite. Size of pearlite or bainite depends on transformation temperature, martensite forms when
steel is cooled below martensite start temperature at much higher cooling rate so that nose of T-
T-T curve shown in that dotted, so this dotted line, this dotted line is avoided, the long blue arrow
over there.

Diffusion rate below Ms is so low that gamma tends to M transformations is a diffusion less
process C content remains the same, means carbon content is not going to be changed. Crystal
structure changes from FCC gamma to body centered tetragonal or maybe the BCT in structure.



I
T-T-T diagram for eutectoid Fe-C allov:

Pearlite: y0.76 w% C) % @ (0,022 w% C} + Fe,C (6,70 wi% )

= Thickness of ferrite and cementite lavers in pearlite 15 -~ 8.1

LG B ik | dhay
* Absolute laver thickness depends on  temperature of | [ 5 R f—
transformation, e - — i

= Higher the emperature. thicker the layvers By =i Lot

= Family ol S-shaped curves at dilferent T, constructs TTT diagrams.

» TTT diagrams are for isothermal transformations,

* Al low temperature. transformation occurs carly and grain growth | = TR e
1s reduced.

L | 1 1 1
1 W 1 1 1 [

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

Tiothesweal sranaformation dlagram fer entechog ron-varbos afle

Coarse pearlite — formed at higher temperature — relatively saft
Fine pearlite = formed at lower temperature — refatively hard
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Now again we are going to discuss about the T-T-T diagram for the eutectoid iron-carbon alloy,
so pearlite which is gamma having 0.76 weight percent of C either we can heating or cooling
both at certain conditions, alpha is 0.022 weight percent carbon + Fe3C 6.70 weight percent C,
so thickness of ferrite and cementite layers in pearlite is 8:1, absolute layer thickness depends on
temperature of the transformation, so you can see in all this cases the temperature is the vital
factor over there, higher the temperature thicker the layers, family of S shaped curves at different
T constructs TTT diagrams, TTT diagrams are for isothermal transformations, at low temperature
transformation occurs early and grain growth is reduced, at compositions other than eutectoid a
proeutectoid phase ferrite or cementite coexist with pearlite.

So in this particular case, in this regions you can see that there are several structures are present
over there when the austenite to pearlite transformation is taking place, so this is the temperature
versus the time diagram over there so with temperature and with time how the material is
changing. So course pearlite tends to formed at higher temperature that is relatively soft, fine
pearlite which is forming at lower temperature which is relatively hard in nature.



Formation of Bainite Microstructure:

PR | E
Il" transformation temperature s low enough (=340 °C) bainite T =
rather than fine pearlite forms. st

L
L

e

et

For T ~ 300-340 °C. upper bainite consists of needles of ferrite
separated by long cementite particles.

[T——

L
L

For T - 200-300 °C, lower bamite consists of thin plates of Territe
containing very [ine rods or blades ol cementiie,

-
M

In  bainite region, transformation rate is controlled by
microstructure growth (diffusion) rather than nucleation.

< Since difTusion is slow at low temperatures, this phase has a ven
finc (microscopic) microstructure

e

!

Pearlite  and  bainite  wansformations  are  competitive.
transformation between pearlite and bamite not possible without
first reheating to form austenite

a NPTIL ORUME
‘ o CERTICANGN COURSE #5 aovanceocomposie i

Now formation of the bainite microstructure, if transformation temperature is low enough that is
less than 540 degree centigrade, bainite rather than fine pearlite forms, for temperature 300 - 540
degree centigrade upper bainite consists of needless of ferrite separated by long cementite
particles, for T more than equal to 200 to 300 degree centigrade, lower bainite consists of thin
plate of ferrite containing very fine rods or blades of cementite. In bainite region transformation
rate is controlled by microstructure growth that means diffusion rather than the nucleation.

Since diffusion is slow at low temperature this phase has a very fine microscopic microstructure.
Pearlite and bainite transformations are competitive, transformation between pearlite and bainite
not possible without first reheating to form the austenite, so this is known as the upper bainite
structure where we can see the martensite, cementite and the ferrite and this is the lower bainite
where we can see the martensite is looks like this, cementite is in to the, in this shapes and ferrite
is into this confinement.
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Spheroidite:

O Annealing of pearhitic or bainitic microstructures at [T Us g &'Eb ; P a';]_“'ﬂ_::',_id T,CJ
elevated temperatures just below eutectoid leads to || oga a.s i 3518 " Cog v
. . . A - ‘e 0y .y o B g
the formation of new microstructure: spheroidite. ) g ,1 o (200 < % 915‘32&
©, 85 4 P;,-I-’é"’»#ﬁ &
- - . . . L i ep @ @, '
U Spheroidite are spheres of cementite in ferrite : : ¢} ;.‘? b X et é‘ o E,,g aﬂgfu
R - - E SN N wae T YRR S I
2 . L - T -1 1 [
matrix. B P ¥ Mo 0y b g ook _:Q’E;Fc
et d T Tt g arlEgt oD L=
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O Composition or relative amounts of fernte and ;ﬁ R T ; '3- 3700 e
cementite are not changing m this transtormation. Yo Poes 00 S -0 F
Fhotemicregraph of steel with spheroidite structure

Only shape of cementite inclusions 1s changing.

Transformation proceeds by composition diffusion, needs high temperature.

U Drving force for the transformation - reduction in total fernite - cementite boundary arga
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Now we are going to discuss about the spheroidite, so annealing of pearlite or bainite
microstructures at elevated temperature just below the eutectoid leads to the formation of new
microstructure which is known as the spheroidite. Spheroidite are spheres of cementite in ferrite
matrix, composition or relative amounts of ferrite and cementite are not changing in this
transformations, only shape of cementite inclusions is changing, transformation proceeds by
composition, diffusion, needs high temperature, driving force for the transformation, reduction in
total ferrite that means cementite boundary area, so this is the photomicrograph of steel with

sRheroidite structure.

Muartensite:

= Martensite forms when austenite is rapidly cooled (quenched) to room
_—

temperatuyre T

= Aypstenite-martensite does not involve diffusion. no thermal activation i1s
needed, this 1s called an athermal transformation

* Martensite grains nucleate and grow at a very rapid rate, the velocity of
sound within the austemte matrix.

= Transformation of FCC to BCT (body-centered tetragonal).
Y(FCC) gy _@'(BCT)
0.8%C 0.8%C
= Martensite:
¥ Metastable,
¥ Coexist with other phases in Fe-C svstem.
¥ Mon-equilibrium single phase.
v QOccurs instantancously ic. time dependent,
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Now we are going to discuss about the martensite, so martensite forms when the austenite is
rapidly cooled or maybe the quenched that means we are rising the material up to high
temperature and then suddenly we are dipping that materials into some water or maybe some oil
to do the quenching to room temperature, so suddenly from high temperature the material is
coming to the low temperature or maybe the room temperature, austenite martensite does not
involve diffusion, no thermal activation is needed this is called an athermal transformations.
Martensite grains nucleate and grow at a very rapid rate, the velocity of sound within the
austenite matrix, transformation of FCC to BCT, body centered tetragonal, how it is taking
place? That gamma FCC 0.8% of carbon just we are doing the quench, we are getting the alpha
prime BCT so the carbon percentage is not going to be changed, so martensite, the properties are
metastable in nature coexist with other phases in iron carbon systems, non-equilibrium single
phase occurs instantaneously that is time dependent, so this is the micrograph or maybe the
colour micrograph of the martensite structure.

o Awpstenite to Mariensite — &3 % yolume increase.
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Now how it is changing from austenite to martensite, that means nothing only the volume is
going to be increased, because we are heating that materials and suddenly we are cooling down
the materials, so generally 4.3% of volume is increasing at that particular conditions, so in this
case you can see the martensite region is this zone, and then after that we are having the
bentonite, then austenite, then pearlite, then again austenite and this is the eutectoid temperature
of that particular materials that is nothing but the 727 degree centigrade, so in this particular case
you can see that at lower temperature because I told that from higher temperature to lower
temperature the martensite formation will be taking place, so at lower temperature we are
getting, so at more than 200 degree centigrade the martensite start, below that the martensite is
50% and it is just above the 100 degree or maybe 120 degree then martensite is 90% are present
over there, and this zone is martensite + austenite so this is totally time dependent and the
temperature dependent over there, in this particular case you can understand that only the
changing, only the changing because some atoms over here that is C along that, carbon along the



C axis obstructs the contractions, so just only the volume expansion is taking place in this

Earticular case when we are chanﬁin% it from the austenite to martensite.

' Continuous Cooling Transformation (C-C-T) Diagram:
|

¢ 0 (C-C-T curve (Blue) is shifled to right of T-T-T (dashed)

. 800
curve as C-C-T occurs at lower temperature and longer Eutecioid temperature
time compared isothermal holding - ==
* Bainite does not form in steels during continuous cooling ¥ e0of
. - Q@
and C-C-T curve ceases just below the nosc. 5 -
)
*  Microstructure (fine or coarse) depends on cooling rate. 2 anof
(Hisler the cooling rate finer s the microsirieiie) E |
* Finer size pearlite is called sorbie and verv fine size 200k
pearlite 1s froostite,
1 1 1 = J.1 1 .
*  (ritical cooling rate is one at which cooling curve just L m‘"‘" 0t 100

touches the nosc of C-C-T curve. L .. . o
Superimpaosition of isothermal and C-C-T

* (Cooling ratc higher than critical rate 1s needed 1o form diagram for entectoid Fe-C alloy
meartensie.
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Now there is another famous graph which is known as the continuous cooling transformations or
maybe the C-C-T diagram, so generally the C-C-T curve which is in blue in nature and your
dotted is the, or maybe the dashed curve is the T-T-T curve. As C-C-T occurs at lower
temperature and longer time compared isothermal holding, bainite does not form in steels during
continuous cooling and C-C-T curve ceases just below the nose. Microstructure fine or coarse
depends on cooling rate, higher the cooling rate finer is the microstructure, so finer size pearlite
is called sorbite, and very fine size pearlite is called the troostite. Critical cooling rate is one at
which cooling curve just touches the nose of C-C-T curve, cooling rate higher than critical rate is
needed to form the martensite, so it is the super impositions of the isothermal and C-C-T diagram
for the eutectoid iron-carbon alloy, so sometimes some cases like critical cooling rate is one at
which the cooling curve just touches the nose of C-C-T curve, so in this particular case it is going
to touch.
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Tempered Martensite:

< Martensite is brittle, needs to be modified for practical applications.

< Itis done by heating it to 250-650 °C for some time (tempering) which produces
tempered martensite, '
Martensite (BCT,single phase) — Temperedmartensite (a + Fe,€ phases)

<+ Tempered martensite: fine-grained-dispersed cementite grains in ferrite matrix.

Tempered Martensite
’ . . Kar Len 1 Liw
¢ @ Itis less strong as compared to regular martensite, ' T
Ly . . . e -
1 Has enhanced ductility (ferrite phase is ductile). s
) p . . :.l‘—'—-—-._.________\_‘_ n— —
W Mechanical properties depend upon: cementite particle §ul_ TTT——
size: fewer, larger particles means less boundary area and § ul T i
softer, more ductile material - eventual limit is spheroidite. ia EH"“"‘-—-‘.._ N —
i 1 3 st H : " » Il:q\"-'
W Particle size increases nllh hlghcr tempering temperature T e g
and longer time (more C diffusion) - therefore softer, more | | - time: sphersidite tsofty Hﬁ,,:x‘\«-.
ductile material. y . . . . .

Now next one is called the tempered martensite, so martensite is brittle needs to be modified for
practical applications, it is done by heating that is 250 to 650 degree centigrade, for some time
tempering which produces the tempered martensite, martensite which is BCT and single phase
converts into the tempered martensite that is alpha + Fe3C phases, Fe3C is nothing but the
cementite, tempered martensite fine-grained dispersed cementite grains in ferrite matrix, so this
is the electron micrograph of the tempered martensite where you can find the fine grain, the
small, small grain of the cementite at present inside the matrix, it is less strong as compared to
regular martensite has enhanced the ductility, ferrite phase is ductile over here, so elasticity kind
of things we can get it for over, from here, it is not brittle in nature.

Mechanical properties depend upon cementite particles size fewer, larger particles means less
boundary area and softer more ductile material eventual limit is spheroidite. Particle size
increases with higher tempering temperature and longer time that means more carbon diffusion is
taking place therefore softer and more ductile in nature, so when we are talking about the
hardness so this is the time, so when we are talking about the higher temperature and time
spheroidite is becoming softer, because it’s hardness is going down, and this is the tempered
martensite, that means at higher temperature it is becoming softer.



| Possible Austenite Transformations: |~
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Now possible austenite transformations, there are so many possible ways for the austenite
transformations, so first is that austenite then if you do the slow cooling over there it will become
pearlite and the proeutectoid phase, if you do the moderate cooling then you will find the bainite
in structure, if you do the rapid quench as I told already you are getting the martensite and then if
you reheat the martensite you can get the tempered martensite over there, so solid lines this solid
lines which is known as the diffusional transformations and this dashed lines is known as the
diffusion less martensite transformations. So if we talk about the strength, so strength is
maximum for the martensite and very less for the spheroidite, and of course it is the vise-versa or
maybe the opposite for the ductility one, so for martensite that ductility is very, very less and for
spheroidite the ductility is maximum.
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Microstructures and Mechanical Properties for Iron-Carbon Allovs:

Microconstituent Phases present Arrangement af phases Mechanical propertics

Splreroidite a Ferrite + Fe, Relatively small Fe, O sphere like Soft and ductile
particles in an a-ferrte matrix

“oarse pearlite o Ferrite + Fey Wternating lavers of weterrits and Harder and stronger than splierondite,
!
Fe 0 that are relatively thick not ductile as spheroidite
Tne Pearlite a Ferrite + Fe, O Alternating lavers of a-territe and Harder and stronger than coarse
£ I
Fey that are relatively thin penrhite, nod ductile as coarse pearlite.
Buriite w Ferrite + Fey © Very lne and clongates] particles of Hardness amd strength greater than [ine
Fey O i oan w-fermte malris peithite, hardness less than martensiie
|.|.|||.'I:||LI:_L preatsr than martensile
Tempered a Ferrite = Fe, Very small Fe, C sphere like particles Strong, not hard as martensite, bat
marfensite in an u=ferrte matrix nuch more duectile than martensile.
1 AT Hody centered tetragoaal, Fweedle shape orains Yery hard amd very baittle
Martensife J - e E : 2

single phase
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So now microstructure and mechanical properties for iron-carbon alloys, so this is a overall
comparison table, so micro constituents like spheroidite, phases present is alpha ferrite + Fe3C,
arrangement of phases relatively small Fe3C sphere like particles in an alpha ferrite matrix,
mechanical properties it is soft and ductile, so like this way just we have summarized all this for
the spheroidite, course pearlite, fine pearlite, bainite, tempered martensite and the martensite. So
for martensite it is having the body centered tetragonal BCT, it is single phase, needle shape
grains generally it is showing, it is very hard and very brittle because sometimes it is having that

temﬁered martensite or ma;be the normal martensite.

Summary:

Phase transformation 1s the process of formation of a new phase.
It involves two process as nucleation and growth.

transformation phase, which is a function of time.

During cooling, transformations occur at temperatures less than predicted by
phase diagram called as supercooling.

TTT diagram 1s called temperature-time-transformation plot.

e
a

d

U Avramu equation 1s used for the calculation of degree of progress of
a

Q

O  Depending on the type of transition, it shows various type of complexity.
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So now we have reached to the last slide of this particular lecture, so we have to summarize the
whole lecture, so in this particular lecture we have discussed about the phase transformations
which is the process of formations of the new phases, which involves the two process generally
one is the nucleations another one is the growth, Avrami equations is used here for the
calculation of degree of progress of transformation phases, which is a function of time. During
cooling transformation occurs at temperature less than predicted by phase diagram called as
super cooling, TTT diagram is called the temperature time transformation plot, depending on the
type of transition it shows various types of complexity, so simple in this lecture we have seen
that changing the temperature, changing the time how the material, same composition is
behaving or maybe the showing the difference phases and the different physical properties.
Thank you.
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