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We were talking last time about equilibrium phase diagram particularly in context of {ron- carbon
equilibrium diagram and saw the various important transformation like the gutectic,’ eutectoid,
the peritectic transformation which was talking place in context of the change in phase of iron in

to two phase or single phase so on so forth.

So we also discussed about the utility or the point at temperature 723" C which is concerned with
heat treating the material to have different strength or different hardness within the material so it
is extremely high engineering relevant and in context of that we are going to discuss today the

control of material.
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Properties which are very important you know for metals and even alloys which have to be used
for different engineering applications where the requirement of the hardness or the requirement
of strengths are varied in nature so the material properties of the metals and alloys can be

controlled by various methods to make the material suitable for a given application .

For example one of them is just alloying where your using some trace amount of materials each
of which would create some kind of a difference in you know crystal structure by either pre
- it or doing something related to the regularity of the - structure of the -
where enhanced properties can be felt coming out. heat treatment where you can rapidly heat and

cool.

And this can also result in quite a bit of changes in the structure the crystal structure of the
material which can lead to you know the various changes in the material properties and the
obviously the mechanical working and re-_ which is another way in which strain
_ can be induced and then the temperature can be taken just to above you know the re-

crystallization temperature.

So that it can start a fresh and be able to hard to an extent that it want it to be harden. so think of
it and then the manufacturing process when we are talking about a primary or secondary process
and we want a - property like for example - ultimately strength or desired hardness

on the surface of a material. you will not only need to worry about the primary or secondary
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manufacturing process but also the after effect of putting the material coming out of these

process is into use you know use engineering use.

So for example in assembly of different linkages when each of this link as been formulated
through a manufacturing process if enough amount of surface - enough amount of
surface stability is not there or in fact if there is low ultimate - strength of the material then
linkage may completely fail okay. so then that is the reason why these heat treatment process is

become very, very important from the aspect of manufacture. so the first process alloying.
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Obviously concerns the way that alloying of steals happen mostly. so - in the alloy steels
thy have got be classified into two categories, one is called a low alloy steel and another is a high
alloy steels. so in the low alloy steels the total content of the alloying elements such as chromium

Ni, Mo, and V and _ within 5% and each alloy element - of specific to the origin

material. _ the properties which would be induced while this

different like aluminum.

Tries to promote deoxidation, promotes de-nitriding ~restricts gain growth typically a low
percentage!is Something which'is desirable. the material Boron for example increases harden

ability typical percentage 0.001 to 0.003% and using steel with carbon content less than 0.6%

often, which gives the effect of incase hardenability. you have Cobalt which can impair impact



strengths impair the impact strength slightly, it contributes to the red hardness, or sustains
hardness during tempering.

You know you have chromium which increases _ again increases resistance to
corrosion, abration in where increases temperature strength and typical percentage is which we
need of these chromium material is between 0.5 to 2 to increase hardenability and 4 to 8 to
_ so it is very important material from corrosion aspect
okay. then the material copper which can increase corrosion resistant again typically the
percentage that is linear it is 0.1 to 0.4% so these are some of the materials which can actually
- desirable Properties are effects by alloying into the basic crystal structure of iron. so you

have a variety of other in the key in the same manner.
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For example what Mn does is to sort of contract the _ from the sulphur which otherwise
gets generated into the mold, because the sulphur is something that you have to get -
because if otherwise it generates a lot of you know undesirable properties related to brittleness
etc the - so typical percentage is about 0.25 to 0.40% to contract the brittleness from
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sulphur. Similarly _ can increases _ increase resistance reduce ductility and

_ increase _ significantly, percentage again greater than 1 . increase the

harden ability.

Molybdenum in them for example increases strength toughness red hardness and hot strength
when used with chromium manganese and vanadium I mean total. so typical percentage here that

looking at a 0.2 to 5%. in fact Molybdenum is used a lot in high speed cutting tools a particularly

high speed steels you know it is used in forged Crankshafis. furbines. rotors. high pressure
eylinders'and boilerplates, gears so on so forth.

Similarly nickel would increase foughness and impact strength, improve the corrosion resistance.
these are some of the typical percent in range this 2 to 5% will increase the _ strength,
12 to 20% will increase the corrosion resistance and mostly nikel would be used in the case of

you know harden parts such as let us say high speed gears ball bearings so on so forth.

Then the phosphorous, which is again used for increase _ _ increasing

strength in low carbon steels and improving the corrosion overall corrosion resistance. so that is

another aspect of the material phosphorus okay, so these are the various effects of alloying.
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You know the elements on steel similarly you can say silicon acts as a dioxidizer or improves I

mean magnetie properties are present in large percentages or sulphur which improves machine
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ability of low carbon steel but it creates a lot of brittleness within the structure which is one of

the reasons you want to get rid of the sulphur mostly in castings etc.

Titanium, which increases the austenitic _ and reduces the martensitic hardness in
chromium steels. Again _, which increases strength while - -, produces
fine grain size, increase _ and tungsten, which imparts again hardness and -
resistance, significantly improves red hardness and - strength and high temperature so

these are some of the consolidated effects of alloying steels by the various trace elements.

In the first stage that you are seeing here are mostly very trace concentrations until something
like you know and it is quite remarkably low sometimes in comparison to even the primary

material which is alloying which is that of carbon actually.
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Heat treatment /
+ Control of material properties can alio be achieved without the addition of other

elements

*This is done by subjecting the materialtoa ¢ ontrolledc ycle of heating and cooling

*To (llustrate this, let us take a simple example where sustenite steel (above 723 deg. C) is
cooled at different rates. The figure below shows the various structures along with a few
mechanical properties

* It is thus obvious that by changing only the
rate of cooling, different phases can be
achisved

*The information on the chang of phase with
the cooling rate can be conveniently displayed
with the help of a time-temperature-
transformation diagram (TTT).

simsuchad agram the temperature is plotted
along the vertical axis, whereas the abscissa
represents the time on a logarithmic scale

So the other process which is important for me to discuss is heat treatment, so not only alloying
but supposing there is a pure - unless an alloy - material which is there let us say, steel
is a alloy of carbon and iron right. So how can we achieve the properties of steel material
properties of steel by not adding any other alloying element but on the trying to see the diffusion
driven transport of the carbon with respect to the overall crystal structure of iron gets at certain
rate you know equilibrated rate and so that gives you and a sense of what is going to be the

overall hardness etc, of the structure.



For example, let us say if I had Austenite and if 1 wanted to heat it very rapidly by water
quenching it and cold water, immediately you will get _ state which is known for it is
hardness in fact on the - well hardness scale it reads about 65 you know and then it has more
tensile strength like 175x10* N/mm? and it also reduces in area percentage of the - is
very low okay.

Similarly if you want to - - for example you not very fine - which also

would have 35 hardness and it would have a ultimate yields stress you know of about 56 * 10 *
and fensile strengthl as of 112 *10* okay. or if I and if you could just heated by air cooling just

directly you know just - in to normal room temperature after the heat to be in process.

So that results in fine - now why is this difference structures are produced is because you
now giving it enough equilibrating time in one case when you are rapidly cooling it visible is the
case when you are slowly cooling it, so the equilibrating time for the diffusion and the
mechanically driven diffusion process of carbon and to the matrix happens and the - rates

okay or in to the different cooling rates.

So here for example it is a - cooled case, we are - converts in to the - this
is the _ process okay. so you already keeping it in the - and _ the

material to cool in the Furnace, so that is the slowest cooling that you can say for that produce a
difference structure all together, course pearlite which has a very low Roekwell hardness of

about 50 you know.

So as supposed to _ which was with rapid cooling you can see these are immediately
coming through where very low harness is _ a cooling rate okay. So that
is why as I was earlier discussing this 723° C temperature is very important because beyond this,
the - steel is completely y iron and then you know we just changes from that y and
various states corresponding to the different cooling rates that are used you know at that

particular point.

So it is does obvious that by changing on the rate of cooling different phases can be achieved and
so in order to - this issue the cooling rates have to be demarcated in one page -, just
like you saw the phase diagram included the phase diagram and so these curves are known as the

time temperature transformation curves or TTT curves and I am going to illustrate you how this
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TTT curve can be - and what actually is inter predict out of it so let us say the temperature is
plotted you know in the vertical - - the whereas the abscissa represents the time on a

logarithm scale.
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= At about 500 deg. C, the transformation starts after a minimum lapse of time, and this
part of the diagram |a called the nose

sBalow Lhis temparatiure, suitenite trenslormi wnto Damite which is & intimate misture of
ferrite and Cementite Bainite cannot be produced by continuous coaling

=When the tempansturs of sothermal transfermation b decreased, the tima required fae
transformation reduces. This results in a finer grain structure as less time is available for

tha growth of new nuchei.

“it rmay be noted that the curve, indicating the beginning of the transfarmation, does not
enist below sbout 210 deg. € Below this temperature, Vit br mby starts
transforming into Martensite.

So normally this write about here is what the TTT curves look like. Let me just know it to little

bit more you know then let us say magnify the curve little more.
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So here for example as you can see the transformation. it begins from this particular temperature
which is probably 723° C and you know when let us say this is where - stage is present
we called it as - here okay so it is y iron you can say with the FCC kind of you know



structure ferrite is represent all through the y iron phase okay we start at 8p = 7239 and let us say

if we try to cool the iron at certain rate which is given by this slope right about here.

This is time scale and this is temperature so basically when I am saying this slope of this
particular line as I am showing here it is actually the cooling rate is that we are referring to you
know so the logarithm of cooling rate that we are referring to so when austenite is brought to a
temperature let us say 01from 60 had extremely high cooling rate which can be considered

almost equal to let us say 0 time.

You know because the rate is very, very high so you are changing from 723° let us say 01 this is
just below 600° Celsius at this point we are leaving and then allowing the transformation process
to take place the transformation to pearliteé as you can see here begins after some point of time
you know so this much time let us say this is ¢/ this is spent in waiting so that there is a

mechanical diffusion which works out.

And this phase right here which start after this solid line here is the coarse pearlite phase you
know so this is the pearlite transformation happens to take place at start to take place from
temperature t1 okay. so you have to really at start to take place from temperature t1 okay so you

have to really wait by dropping down to 01 in almost no matter of time.

And then wait for this tl time for this the transformation to start taking place from pearlite you
know so once this is done this peatlite transformation sort of completes up to the point B here let
us say this is time t2 so the curve here for example in this particular zone actually represents the
end of production of complete pearlite the region here is completely you know full of pearlite

you have coarse peatlite or fine pearlite towards the curve here or at the border you have.

You know this is sort of Bainite transformation so here for example in this particular case coming
from t1 to t2 that means from point A to point B you know we can call this transformation is an
1sothermal transformation and one of the reasons why that is told that you know doing this

transformation all temperature 61 without change.

So the transformation corresponding to the other temperature 02 and 03 for example if this know
allows to cool off beyond 01 or all shown here for example if you directly goes into rapid
cooling mode where the time gpent in cooling is very low and you can see that, so it enters this

into the martensitfic phase. So whatever I was showing there diagrammatically in terms of
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structures and cooling this has been represented in this TTT one snap shot now we can change

the rate of cooling and attain any structure that you would like for the material to come up with.

About 500° C, the transformation starts as you can see after minimum laps of time, so this area is
therefore know as the nose of the curve TTT curve and it is sort of you can see that the cooling
rate is almost tangential, if the cooling rate anywhere lower to the rate that the extremely high
arte that as shown here. Then there would be production of pearlite phase which would come up
here ok| Because then rate will start and go through this whole peatlite region before getting into

state.

But if you are having a rapid pointing like this almost zer@ time then just go tendency with the
nose and avoid getting into the pearlite zone and go into the martensitic zone. So below the 500°c
temperature the austenite suppose if I drop it somewhere here at 62 it would now isothermally
convert into bainite. it will not give you pearlite anymore okay. So beyond this particular and it

will not be able to get into the bainite unless it crosses over the pearliteé zone which is here.

As a function of time so ultimately you get the bainite but it comes true this zone wise right here
okay, so that is how you interpret from the time temperature transformation curve in the various
structures, based on different you know time points. The other issue that I would like to discuss

is only about the mechanical working and re crystallization.
(Refer Slide Time: 17:25)

Mechanical Working and Recrystallization
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And as I mentioned here the mechanical properties example strength and hardness of the poly
crystallization material are governed by grain size of the material. You have earlier looked into

the dislocation theory where we assume that if there is the jamming of the dislocation Bcross the

grain boundaties while travelling there is going to be an inicreaselin'strain hardness. Strain
hardening process would try to take place so that overall hardness is changed because of that. So

here the strength and the hardness of the poly crystallization material are really a function of the

grain size.

So meaning there if [ wanted to do mechanical working on the material for example. Let us say
we have shown three cases here and mechanical working is - done. this is then case of

- so circular grains otherwise are converted into - here. in case of rolling where

there is circular Erain being converted into Ellipfical as you can see by a foll pressure or

So here during the grain deformation processes, there are going to be various you know

mechanically structured grains going to'be formulated and obviously the gain structure changes
because of the deformation that is going to be change in the overall ductility or strength
_, the increase in the -diameter that ductility will increase and strength
_. So the other aspect - is that mechanical working can be followed by a
recrystalization where there is again fresh -growth.

Because you are now {akinglif‘above 723 degree Celsius to'the gamma austenitic phase and

_ so even that recrystalization process can be initiated with mechanical
working $0 that you can have a control on the overall grain size which would determine your

ductility and strength properties. So in - then we have looked into the various aspects for
how you alloy the material to control the strength. we have also looked to control the strength we
have also looked into various aspects of how you heat treat to control these strength and then
able to read from the single snapshot how the strength is going to change or how the structure is

going to change based on different rates of cooling okay.

And finally you have also looked into mechanical working and _ processes. so the

figure on the right show the grains are deformed by various mechanical working processes. you
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can easily see that they effective grain - is reduced - the surface area of the grain it
increases where are the volume remains the same. it is possible to restore the _

And compute and leave it to achieve this is known as the recrystalization temperature and the
material is kept for a constitution period of time at this temperature the newly formed fine grains
will grow in size and again formulate this similar original property of the material. on the other
hand of material is cooled quickly the grains size are small and it should be noted that in
mechanical working process the grains are deformed where as in recrystalization new grains are

formed and their sizes can be controlled.

So you can play around with the way that you cool after the crystallization and even before
recrystalization do mechanical working to reduce the grain size to a desirable level okay. that
way we determine the mechanical properties with that I would like to close on this module in the
next module we will start understanding the casting process in great detail so I think we have
now enough understanding about material properties for us be able to go into the modeling and

design of casting so with that I would like to close this module thank you.
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