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Lecture — 02

Plastic Deformation

Hello students, welcome to the course and Mechanics of Machining. Now, yesterday we
told you some basics of mechanics that means, what is meant by this course. So, here we
discussed this one mechanics of machining first lecture, you have already gone through

that we told what is the machining [FL].
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Amanufacturing process of making a useful product by the removal of the
material.

Machining

Raw Material Product

It is a subtractive manufacturing process.

It is a subtractive machining process that point we established.
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Subtractive Additive Mass-containing Joining

* tuming * Chemical vapour | |* casling * Chemo-mechanical
* milling deposition + exirusion polishing
+ EDM + Physical vapour * rolling + Abrasive flow finishing
+ ECM deposition + forging * Magnetic abrasive
+ USM + Stereo-lithography | |+ drawing finishing
* AIM + Xeray lithography | |* bending
* 3D printing

There are other type of processes also like additive manufacturing processes, mass
containing processes, joining processes and nanofinishing although it is also subtractive
machining process. But the focus here each the small removal of material just for

improving the surface finish.
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Some examples of Metal Forming: a
mass-containing process

Backeup rolls

Work-rolls

N

Metal strip

a b
Deep drawing process. a Before deformation. b After
deformation

And then after that we give some examples of the other type of manufacturing processes,

but finally, our focus is on the machining.
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Our focus is on Machining Processes

» Traditional or conventional machining processes: Filing, Turning, Milling,
Grinding, Shaping, Planing, Drilling, Boring, Reaming, Broaching

» MNon-traditional/non-conventional/advanced machining processes: Ultrasonic
machining, abrasive jet machining, water jet machining, Electro-discharge
machining, Electro-chemical machining, machining

In conventional machining processes a wedge
shaped tool removes the material in the form
of the chips.

So, first we discuss conventional machining process. In conventional machining process
a wedge shape tool removes the material in the form of the chips and we also analyzed
that why do we use a wedge shaped tool because it acts as an incline application device.

We apply some force, but the normal force is amplified.
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Why do we use a wedge shaped tool?

Wedge amplifies the force,

Assume no friction, Make a free body diagram of a wedge.
Force balance in horizontal direction:

Necosa—Ncosa =0
Force balance in vertical direction: V
O

Nsing+Nsina-P=0,or P=2Nsing
This provides
P
N= —
2sing

Smaller the o, more is the normal force, For u=5°, N=5.74 P

Material is removed in the form of the chips that point we told, and after that we told

what is the mechanics and what is the motivation in studying the mechanics of machine.
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Why do we study mechanics of
machining?

» To understand how much force will be required for metal cutting.

» What will be the effect of forces on surface finish, dimensional accuracy and
tool wear

We now concentrate on the machining of
metals. Metals will deform during machining.
Let us study some concepts in the
deformation of metals.

Then we started our discussion on the deformation of metals because ultimately we are

going to study the machining of the metals. So, we must understand the behavior of the

)

metals.
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Lecture 1: Deformation of Metals

» Elastic deformation
» Plastic deformation

» We usually conduct a tensile test and plot the stress-strain curve
Force

Movable jaw

samplo

Fivad jaw

One common test is the uniaxial tensile test in which we make a dog bone sample and we

fix it between one movable jaw and one fixed jaw and then after that we apply the force.
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CD fracture

0: Origin

A:Proportionality limit

B: Upper yield point

C: Lower yield point

D: beginning of strain-hardening
E: Point of instability

F: Fracture point

Stress

0

Strain

Schematic Stress-strain curve of mild steel

So, we get this type of stress-strain diagram which tells us many things. For example,
from this diagram you can find this slope up to A direct will be the Young’s modulus of
elasticity E. That point can be obtained and then after that you can find out the yield
stress of the material. B is the upper yield point, C is the lower yield point you can also
find out the Ultimate Tensile Stress of the material UTS or sometimes it is called
Ultimate Tensile Strength. Here this point E is there, this is expressed if we find out the
stress in terms of the nominal stress that means engineering stress then this is UTS. UTS

is generally expressed in terms of the engineering stress not in terms of the true stress.

And this is you can say that point F denotes the breaking strength of the material we can
also find out the total elongation we because we can find out the total strain, we can find
out the relative elongation, how much it is elongating that is total elongation. But if you
want to know that what is the permanent elongation then you can unload it. So, from this
point F you can actually unload start unloading. So, you can move a in a direction
parallel to O A. So, for example, like this because I told that unloading is elastic it moves
in this one. So, you come up in this point and then you say that this distance from O to

this point obtained this indicates the permanent strain.

This one will of course, will be almost same as the total strain because elastic strain is

very small, but that is what has been told.
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F
0
§ F a fracture
pt =
2 fracture @
Strain Strain
Stress-strain diagram of aluminum Stress-strain diagram of cast iron

And now coming to the next one we told that stress strain diagram for aluminum, stress
strain diagram for cast iron which is a brittle material. We told that definition of nominal

stress and true stress and we also told that how they are related.
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How is true stresses related to
engineering stress?

» Assume that elastic deformation is very small.

» Itis well known that during plastic deformation of most of the metals volume
remains same, only shape changes. Hence,

A=A

llcm:c. Ar=i=¥+|=(e+l],

: r
Ao, S=, 0=%

We also told that nominal strain or engineering strain and true strain that is logarithmic
strain and how they are related logarithmic strain is also called naturally strain we

expressed those type of relation and then we were discussing the behavior of the material



in the plastic region. In the plastic region we get the phenomena of strain hardening

direct will be expressed by these expressions.
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- Several forms of function /r have been proposed to fit the experimental stre
curves. The original expressions for these functions are in terms of the total

1. Ludwik’s expression; 0= 0, +K(ePY (1

This expression does not give a good fit at large strains as the experimental stress-st
curves of most metals have a constant slope at large strain.

2, Swil’s expression: :
g =ay[1+Ke"]". (12)

This expression gives a better fit of experimental stress-strain curves at large strains than
Ludwik’s expression

3. Voce's expression:
a=ay +K[1-e ™), (13)

This expression gives a good fit of experimental stress-strain curves at mod
strain.

Ludwik’s expression, Swift’s expression, Voce’s expression or you can make another

type of expression this way we expressed that.
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~ In all the three expressions above, K and n are the material consta
hardening parameters, which are to be determined by fitting the abo
with the experimental curves of true stress vs the plastic part of
strain,

~ Note that, when gP is zero (i.c., at initial yielding), ¢ reduces to gy (i.
initial yield stress) in all the three equations above, When # is equ
Equations 11 and 12 represent a linear hardening curve.

Temperature softening

~ If we conduct the tension test at‘elevated temperature, we observe that,
initial yielding, the stress required to cause further material flow decreases
temperature rise. This phenomenon is called temperature softening,

- This effect needs to be included in the plastic stress-strain relatio
analyzing hot forming processes or machining processes or if the temp
in cold processes is quite large.

Now, we have we also get temperature softening phenomena. When we increase the
temperature of the material it softens, it is a yield the stress decreases that phenomena is

also there. So, temperature effect is also prominent and strain rate effect is also there ok.
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Viscoplasticity
If we conduet the tension test at higher rate of loading, we observe
initial yielding, the stress required to cause further material flow inc
strain rate or the rate of deformation. This phenomenon is called viscop!
This increase in the stress 1s due to the viscous resistance of the m
further yielding.

This effect needs to be incorporated in the plastic stress-strain relation
analyzing hot or high speed metal forming processes or machining proces
the material becomes viscoplastic at elevated temperature and high strain rat

Isochoric deformation

As stated carlier, it is observed that the volume remains constant during plas
deformation. 4

1
Thus, the plastic deformation is isochoric. This imposes a constraint/on plastic
deformation. 41

So now, we discuss that what is vicsoplasticity? If we conduct the tension test at higher
rate of loading we observe that beyond initial yielding the stress required to cause further
material flow increases with strain rate or the rate of deformation. That means it is
dependent on the rate of deformation. If you conduct the test at slow strain rate you will
have different observation, if you conduct the same test at high strain rate you will have

different observation.

Usually in the normal life we do that strain a test means tensile test at strain rate of
something 1 into 10 to the power minus 3 per second 10 to the power minus 3 per second
which is very small. But most of other cases we can go suppose 10 per second 100 per
second even we can have 10 to the power 5, 10 to the power 6, 10 to the power 7
suppose bullet is hitting one target then the strain rate can be very high it may be of the
order of 10 to the power 7 or 10 to the power 8 also per second like that depending on

what is the speed of the bullet.

So, if at high strain rate naturally the material will appear to be stronger. So, this
dependence of the flow stress on the strain rate or the rate of deformation is known as
vicsoplasticity, we say material is viscoplastic. Increase in the stress is due to the viscous
resistance of the material to further yielding, this effect needs to be incorporated in the
plastic stress strain relations while analyzing hot or high speed metal forming processes

or in machining in machine in also the strain rate can be very high particularly in the



high speed machining. And this effect is more prominent if simultaneously the

temperature is also present.

So, when you have elevated temperature and also high strain rate then these effects have
to be incorporated. Then there is one term called isochoric deformation. Isochoric means
volume preserving we already told that there are metals which remain, they are they are
volume remain same during the plastic deformation. Volume remains constant during
plastic deformation, so plastic deformation can be called as an isochoric process; that
means it is a volume preserving process volume does not change this imposes a

constraint on plastic deformation ok, that can put in constraint on the plastic deformation.
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Large deformation

As stated earlier, the deformation in plastic region is quite large. As a result, we ¢
lincar or infinitesimal strain tensor £as the measure of deformation.

We have to look for some other measure of deformation to represent the plastic defor
such measure is the logarithmic strain, whose definition for the one-dimensional cas
given earlier.

Hysteresis

Suppose the rod, which has been stressed up to point B shown in Figure 5 is unloaded up to
stress level.

# Then it will follow the straight path BC
leaving a plastic strain & in the rod.

¥ If we load it now, then the initial straight path
CD, which the stress-strain curve follows,
has a slightly different slope to the unloading
path BC.

¥ This phenomenon is called hysteresis and
the loop BCD is called the hysteresis loop.

Now, we large deformation, in machining we will be dealing with large amount of
deformation it is not a small deformation day today’s life materials also get deformed,
but they mostly undergo elastic deformation and those deformations are very small I told
that the strains are of the order of 10 to the power minus 3, 1 by 1000 But in the
machining process strains can be very high it may be of the order of one or more. So, in
that case our normal infinitesimal strain tensile measure is not valid that the way we have
been defining in the elasticity that is strain that is not proper. So, we have to use some
different measure like suppose logarithmic strain measure, how much is the logarithmic
strain or how much is the true strain how much is the natural strain. So, this is this point

has to be kept in mind.



Now, we come to the other phenomena of the material that is called hysteresis. You see
these this figure in this they are stress strain diagram of a hypothetical material has been
plotted material is elastic up to point Y. From O you load and reach to the point Y at Y
there is a yielding and after that there is a plastic deformation there is a hardening region
also. So, YF is a hardening YF need not be straight line, if it is a straight line then it can
be called linearly strained hardening otherwise there is a hardening here phenomena is
there. So, this is YF and suppose you load the material is starting from 0 stress increases
reached to Y plastic deformation is starts and you reach at point B then you remove the

load that means, there is a unloading.

So, unloading is elastic that means, during unloading the material will follow this path
BC from B to C where BC is parallel to OY you come to this point this point C which is
on the strain axis this point indicates the plastic deformation permanent deformation. So
that means, OC is what it is a permanent set it is a permanent strain and [ am indicating it
by epsilon C then from C. Suppose you again load it means material has been loaded and

after that unloaded remove the load again.

I am putting the load in that case material ideally should follow this path it should go
from C to B. But it will not go from C to B instead it will follow a path that is CDB that
means, the there is a small loop that means, there is a small energy loss; so that means,
the energy contained in the loop CDB is basically lost and this phenomena is called
hysteresis and loop BCD is called hysteresis loop. So that means there is some amount of

hysteresis is there.

Now, for deforming the material you are requiring here for the same total strain you are
requiring. Now, whole stress because of the hysteresis effect. However, this value is very
small that is why in most of the cases it is neglected. So, we do not talk much about the
hysteresis here, but if we are studying the vibration behavior hysteresis actually causes
the dumping, in those cases this becomes very significant how the vibrations are
decaying how this one. But since here strains are very high so that is why here the

hysteresis not important.
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The actual hysteresis loop s quite small and thus its effect on the plastic stress-s
can be neglected.

Therefore, we assume that the slopes of both the straight line portions BC as well 4
identical and are equal to the Young's modulus.

Bauschinger effect i

¥ Suppose the rod, which has been stressed up to point B, is
unloaded to the zero stress level (i.c., to point C) leaving a
plastic strain £ in the rod as shown in Figure 6.

# Next, it is loaded in L‘uln]!m-is.iml.

# Then it will follow the path CD, where the new yield stress
(in compression) is smaller in magnitude than the stress (the
yield stress in tension corresponding to the initial strain of &),
This phenomenon is called the Bauschinger effect.

oyl < 63

Fig. 6

So, actual hysteresis loop is quite small and thus its effect on the plastic stress strain
relationship can be neglected therefore, we assume that this slopes of both the straight
line portion BC as well as CD are identical and they are equal to Young’s modulus. I told
that unloading is also elastic. Now, we are going to discuss another effect that is called

Bauschinger effect.

Now, in the Bauschinger effect what happens that suppose you have stress strain diagram
and now, you load the material stress keeps on increasing from 0 point to Y. At Y the
yielding is starts you may go up to say let us say point B means material has been
plastically deformed there is a strain hardening also then after that you are unloading the
material. So, after you unloaded you have reach pint C there is a permanent strain epsilon
C. Now, again you in load, but this time if you load in the reverse direction that means

you are loading in the reverse direction. So, the yielding will be start at some point D.

Ideally we say that strength in tension and compression is same. So, that is why sigma B
should be equal to sigma D, but you will be notice that sigma D will not be equal to
sigma B in its sigma D will be less than sigma B that needs the compressive yielding will
be start a bit earlier. You expected that it will we start at some stress a 200 megapascal

may be it may be start at 195 megapascal. So, this is due to Bauschinger effect.

Now, it is this phenomena that which is called Bauschinger effect is mostly due to some

a small amount of residual stresses left. What we when we are load the material at the



microscopically will some small amount of stresses are left and they are already present
is small amount of compressive stresses. So, when we put the load these stresses add up
to apply these stresses and therefore, they cause early yielding so that means, this. But
many times even we neglect the Bauschinger effect also that is point has to be kept, but
in certain situations this effect may be very significant particularly if you are having
fluctuating type of loading. That means, material is going to tension then compression
then tension like that if it is going in that direction then the strengths in both the direction

may keep on reducing, ok so, this phenomena is there.
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Necking or one-dimensional plastic instability

At a certain value of the force £, , necking of the rod starts.
This happens due to instability of the one-dimensional state of stress
the rod. Disturbance for the instability is provided by the nucleation
which starts at that value of F,.
# The one-dimensional state of stress, after the disturbance, gives rise t
dimensional state of stress which manifests itself in the form of necking.

# Necking initiates when the value of F, starts decreasing, or when it attal
maximum value, -

Now, we come to the point about necking or one-dimensional plastic instability. When
there is a specimen and it is loaded intension then you might have observe that it is
elongates and there is a slight reduction in the class section also that is Poisson’s effect.
You keep on reducing then there is a significant amount of elongation, but more or less
the class section remains same this is called the uniform elongation type of thing you
have got uniform elongation. Then there are comes a pointed that cross sectional area

rapidly starts decreasing and you got a type of neck type of formation, ok.

So, you might have observed in your; this one test that there will be a neck type of
observation suppose here we all having this one, it is necking will be observed like this
let me draw some sketch. Here this is suppose a uniform this is a material and it is

elongating it got elongated here right. It got elongated here. But if the necking has is



started it may be like this that material may start you know that forming a neck type of
thing here that means, here material will deform and it becomes the state of stress
becomes the triaxial and ultimately it will lead to the fractural. So, necking phenomena

occurs this one due to this.

So, this we have already showed that one typical stress strain diagram of the mild steel
here you had a dog bone type of sample see this cross sectional area is there this cross
sectional area will remain uniform. But when the necking will you start then that portion
it will become radial type of thing here that radial group type of thing and the state of
stress will no longer be uniaxial it will become triaxial and this is indicated in the stress
strain diagram by this point E that means, after that point because the cross sectional area

suddenly will reduces so, engineering stress suddenly drops.

So, this point E is actually the highest engineering stress point or it is the highest load.
So, at this point the necking has the started after that the material has become unstable
and this one has become this material has become unstable this point E at this point E,
DP will be equal to 0 ok, that means, condition is that DP equal to 0 because it is the
point of maxima P is the apply load; so, DP equal to 0.

So, let us develop some expressions for these necking phenomena, that is plastic
instability we call because the material becomes instability. So, at a certain value of the
force F x necking of the rod starts F x is the maximum load. This happens due to
instability of the one-dimensional state of stress existing in the rod disturbance for the
instability is provided by the nucleation of voids which is start at that value of F x that
means, inside the material voids is start nucleating means the it start generating and they

you know glow that is why the necking is occurring.

So, the one-dimensional state of stress after the disturbance gives rise to a three-
dimensional state of stress which manifests itself in the form of necking. Necking
initiates when the values of F x starts decreasing that means, after that you observe that
in UTA machine also that load automatically started decreasing you know because we
are doing the displacement controlled thing that means, only jaw is moving load comes
as result of that. Firstly, load is increasing, but then the load is starts decreasing when it

attains the maximum value.
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To determine the values of @ and & at the onset of necking, we differentiate Equati

dF, = adA + Ada, (14)
Ade + 8dA =0, (15)

dé g’.i".- KD‘ (16)

de= 7

Eliminating d4 and d¢ from these three equations, we get
dF, = (~ode + da)d, (1m

Since dF, becomes zero when the necking starts, we get the following relationship at the onset o
necking:

do 4
——=, r

de (18) '

4

y

. - . . . . 3 "
Thus, the point on the graph of @ vs € at which the necking starts is characterized hyl.lleml]ldmon
that the slope of the tangent at that point is equal to the ordinate of the point. i |

}

So, to determine the value of sigma and epsilon that means, true stress and true strain at
the onset of the necking that means, when the necking just it starts we differentiate
equations, this one earlier equations that of the F x. So, F x is equal to sigma times A, F x
is equal to sigma times A was the 1 sigma times A, that is the general one because sigma
is the true stress and A is the true area. So, sigma times A will do the two force and D we
differentiate we get equation 14, you how to apply the product you see d F x is equal to
sigma d A plus A times sigma d A is it not first you only differentiate with respect to a
keeps sigma constant then you differentiate with respect to sigma keep a constant and

you put these values.

Now, you know that you also have another equations area is equal to constant so that
means, you can do d A1 equal to 0 and this gives you a times dl plus 1 times d A equal to
0, but true strain infinitesimal true strain or incremental true strain is defined as D
epsilon is equal to dl by 1. Now, if you eliminate d A and dl from these 3 equations we
get basically this type of equation d F x is equal to minus sigma d A plus D sigma into A,

you are observing this equation.

Now, since d F x becomes 0 when the necking starts why it becomes d F x becomes 0?
Because that is the peak at the peak there is no slope you know it is a continuous curve
you have each the peak there is no slope we get the following relationship at the onset of

the necking. That means, we get D sigma by D epsilon is equal to sigma that is the



criterion for instability. Thus the point on the graph of sigma versus epsilon at which the
necking starts each characterized by the condition that the slope of the tangent at that
point is equal to the ordinate of the point that means, D sigma by D epsilon is equal to
sigma, but remember this that this is expressed in terms of the true stress and true strain.
If you express in terms of true engineering stress and engineering strain then it may be

somewhat different, ok.
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- Thus, the point on the graph of @ vs £ at which the necking starts is
characlerized by the condition that the slope of the tangent at that point is
the ordinate of the point. This point (labeled as A) is shown in Figure 7.

Omset of
necking
.l‘L T
'I-

o

Tangen io the curve
at pomt A

Fig. 7

So, here it is shown graphically it is true stress and true strain diagram. You see there is
no point of dip here the true stress is always increasing it is going up to fracture it is
increasing movably. However, like point A which actually corresponds to ultimate tensile
strength point in the engineering stress strain diagram in that point if you take this slope,
ok, then that slope will be equal to nothing, but this height that is sigma. So, this point is

the onset of the necking. So, we can understand this necking behavior we should.



(Refer Slide Time: 23:40)

Effect of hydrostatic stress
It is observed that the yield stress is unaffected by the hydrostatic part of the §
Thus, yielding is essentially caused by the deviatoric part of the stress tensor.
Anisotropy
Microstructure of metals is crystalline in nature. In an anncaled
crystallographic directions are randomly oriented.

At macroscopic level, this means, there is no preferred direction. Thus, an
metal is isotropic at the macroscopic level.

However, when it is subjected to cold forming processes like drawing, extrusion,

elc., the crystallographic direetions gradually rotate towards a common axis thus cr
a preferred direction.

A

Therefore, afier cold forming, the metal usually becomes anisotropic in natuse. When
this metal is subjected to further forming processes without annealing, the yield eriteria
and the plastic stress-strain relations used for the analysis of these progesses should
incorporate the anisotropy, I

|

Now, I discuss that what is the effect of hydrostatic stress. Before that I must tell you
what is the hydrostatic stress; as you know that stress has got basically 9 components ok.
And there may be so, stress usually is a symmetric so you can say there are 6
components of stress out of that there are 3 stresses which are normal, normal means
direct stress and you know that there are shearing stress shearing stress this one suppose I
am having this block I am trying to pull it. Now, this is called this is normal stress that
means, | take the perpendicular cross sectional area into and the load divided by

perpendicular cross sectional area that will be normally stress.

So, normally stress in x direction, similarly I can find out normally stress in y direction
similarly we can find out normally stress in z direction. So, we have got a 3 dimensional
state of stress. We also have shearing stress that means material is getting sheared in
which we find out the stress is the force divided by the area and which that force is
acting that means, parallel area that means, if I apply a force here. Now, this force and
this tangential area that will gives shear stress. But right now, just concentrate that what
is normally stress. So, normally stress means that like we have conducted uniaxial tensile
test in that what you are is studying that that sigma which who was plotting is basically a
normally stress that is not a shearing stress is it not, that is why you are applying a force

in the axial direction and dividing it by the normal area that means, cross sectional area.



So, this was a normal stress, but it was in x direction only similarly you can have in y
direction you can imagine in actual cases when we material is in countering different
type of forces and similarly you can have z axis. So, sigma x plus sigma y plus sigma z
will be divided by 3 will be called the mean stress. So, mean stress you can say average
stress of the 3 normally stresses. So, that mean stress is basically called the hydrostatic

stress. So, that is called the hydrostatic part of this stress.

And if you write the 9 component of the stresses in the form of a matrix and you subtract
from them that hydrostatic part that means, hydrostatic matrix then will have mean
stresses 3 mean stresses in the 3 diagonal places and you subtract it you get a deviator
only part of this stresses. So, it has been observed that hydrostatic part of the stress
tensor does not cause any yielding, it is only causing may be some volume change, some
elastic deformation, but it is not causing the plastic deformation and essentially the

yielding is caused by means of the deviatoric part of the stress tensor.

That means, you can imagine that lot of experiments have been done and you can
understand if we take some suppose solid bal solid bal or solid object and we submerged
it under the deep water where is lot of hydrostatic pressure is there, from all sites if
pressure is equal in that case that material there will be some deformation of the material.
But as soon as you pull it out from the water it will regain its safe that means there is no

permanent deformation that deformation was only the elastic deformation.

So, hydrostatic stress does not cause plastic deformation that is one concept most of the
time it is assumed, ok. This may not be necessarily to in many cases. For example, in
powder metallurgy this cases and also in the study of the fractural mechanics

significance of hydrostatic stress is there, but we will discuss that point later on.

Now, another phenomena is anisotropy you see that in the material if the properties are
same in all directions, then the material is called isotropic material in isotropic material
properties are same in all direction that means, if you pull it in this direction or you pull
it in this direction behavior will be same it will fracture at the same point load also, but

otherwise the materials may be anisotropic also.

So, at microscopic level anisotropy means there is no proper direction. Generally an
annealed metal is considered isotropy, if you annealed the material heat in the furnace

and then slowly cool that becomes an isotropic. However, when it is subjected to some



cold forming process suppose you have done drawing, rolling, exclusion, if you have
rolled that sheet then grains will be elongated in that particular direction and the material
may becoming stronger in that direction and it will be weak in other direction. So, you

will not no longer have in a isotropy and material will become anisotropic and isotropic.

So, after cold forming the metal usually becomes anisotropic in nature. When this metal
is subjected to further following processes without annealing the yield criteria and the
plastic stress strain relations used for the analysis of these process should incorporate the
anisotropy. So, there are some anisotropic yield criteria are also there for example, yields

criteria, but that point we are not going to discuss now.
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Criteria for Initial Yielding of Isotropic Materials
A law defining the limit of elastic behavior is known as the yield conditi
criterion,
criterion for initial yielding for the one-dimensional state of stress, where or
stress component is non-zero,

ag-ay =0

Ina three-dimensional state of stress, where normally all the stress components
non-zero, this condition can be generalized as

flay) =0, {|9]

where 07 are the components of stress tensor @ with respect to a coordinate sysfem
The function fis called the yield function. i

|

So, here now, criteria for initial yielding of isotropic material a we can define a law

which tells that limit of elastic behavior that is called yield condition or yield criteria.

So, for one-dimensional case yield criteria is very simple sigma minus sigma Y equal to
0 that means, when the yielding is starts then sigma minus sigma Y becomes equal to 0.
If the yielding is not starting then sigma minus sigma Y will be negative, ok, it will be
less than 0, but when the yielding is starts then sigma minus sigma Y is equal to 0. Ina 3
dimensional state of stress where normally all the stress components are nonzero that
means, we have basically 9 components of this one this condition can be written like this.

There is some function it is a function of sigma 1ij, sigma 1ij is denoting what and stress



component here I can take an value from one to 3 and j can take the value from one to 3.

So, there are 9 components. So, sigma ij means 9 components.

And so function each the function of are these 9 components and that will become 0 so

that becomes a the yield criteria and this function is called yield function.
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where A, B, C, n and m are material parameters usually obtained
from curve-fitting. The process temperature, ambient
temperature and the melting temperatures are denoted by T, T,
and T, respectively

Now, I am telling you in this slide that what is what do we have one model that it is
called Johnson cook model that tells the behavior earlier I told some strain hardening
phenomena and then we told there are some empirical expressions, but those were taking
only the effect of the strain and the flow stress. But here Johnson cook model takes the
effect of the strain also the strain rate and also the temperature, that is your then these
model is very popular it is used in modeling of the machining processes here sigma is the

flow stress of the material.

Then we have got this part is the strain hardening part, this part is the strain rate effect
part that means, viscoplasticity. Here if you see that if epsilon dot is increasing then this
function will increase sigma will increase, like a epsilon increases then also sigma
increases epsilon dot increases then also it increases, but here one logarithmic term is
there natural log is there that means, it will increase, but that increase effect will be

significant if you do large variations.



Suppose you are conducting one test on 1 into 10 to the power minus 3, other you are
doing a 2 into 10 to the power minus 3, this difference is not that significant because it is
not that strength will become double in this case. It will increase as per logarithmic rule
so that means, if you increase suppose you are having 10 to the power 3 then epsilon 10
to the power of 3 is 3, and if you have 10 to the power 4 then epsilon 10 to the power 4 is
4. Now, so that means, effect is logarithmic way know it that effect is little bit slow down
if you if you do not use logarithmic then it is linear you double it that means, strength
doubles, but we are having logarithmic term and then this is the temperature dependency.
Here you see if the temperature T is increasing then the flow stress will actually

decrease.

So, this is softening behavior; material is softened due to the temperature that point is
there and tm is the melting temperature. And T a is the ambient temperature or you can
take some preference temperature and this we you fit and these A, B, C, n and m these
are the material parameters they have to be obtained by curve fitting you how to do data
fix few events. And then you how to shield which one use will give the good results you
can do in a systematic way or you can do in a heated to trial whatever way we do, but

this has to be obtained by fitting.

So, process temperature ambient temperature and the melting temperatures are denoted

by T, T a and T m respectively here.
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Dislocations are responsible for plastic deformation.

Dislocations are line defects extending more than a lattice
spacing.

Edge dislocation and screw dislocation.

Phenomenological models are developed based on physical
observations.




Now, we have two terms dislocation based and phenomenological models. Till now,
whatever we have told that suppose Johnson cook behavior and this one that is
phenomenological models that means, based on some phenomena we just make some
rule, but other is dislocation based you know dislocations are the imperfections in the
material. Dislocations they cause the plastic deformation. Very soon I am going to tell

you about the dislocations.

So, dislocations are basically line defects in the material. What do we mean by line
defects in the material in metal? Atoms are arranged in a very systematic way periodic
arrangement of metals is there. So, you know that is cordial crystal and that crystal is not
a perfect. In a diagram we may say crystal that where nicely if I make a two-dimensional
diagram we will just show nice type of diagram maybe we can show this grid type of
thing, and we can say yes there are atoms at the edged like that we can make, but actual

material will not be like that there will be lot of defects.

So, some defects can be coin defects that means, there will be void in the material some
cases there may be some other atom may inter inside occupy that side that means, it may
be it may substitutes the materials, so substitutional defect is there. That may that means,
inclusion of some foreign material may be there are that material main materials atom
may be removed from that these are called point defect because they all localized at one

point.

But there are some defects which extend only lying; that means there is a line of atoms
which is much more longer than the spacing between two atoms, that lengthy line. In that
there is some defect is there that is called line defect and dislocations are that type of
defects we will discuss that. There are two types of defects in dislocation that is edge
dislocation and screw dislocation. So, dislocation phenomena is actually is possible for
causing the plastic deformation, but we will study phenomenological models are also
which are developed based on physical observations. They do not see that what is
happening inside the material, they are very useful for example, you will one Mises
criteria or Tresca criteria how the material is yielding these can be called as

phenomenological materials models.
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What did we learn today?

» What do we mean by mechanics of
machining?

» Some concepts about deformation of
metals.

So, here what did we learn here, what do we mean by mechanics of machining that
concept we have understood and we also understood some concepts about deformation
of metals that we have studied. And now, we are going to tell something more about the
deformation of material. So, let me just open the other PPT, so that we can get to know
about other things. So, here I am opening other PPT this is lecture two that is about the

Plastic Deformation. So, let us focus on the plastic deformation.
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Geometric Representation of Yield Criteria

Tresca
vield lociis

Devistoric or a plane ( Fl
o+ T, T, =0 *(. *



And in this first slide is showing this one 3 dimensional figure. Do not get frighten by
this it is just I am going to explain you about the various type of yield criteria. Yield
criteria means we understood that in uniaxial tensile test if your sigma is increasing in
exceeding sigma y yielding it starts, but how will know that if there are number of stress
is acting. For example, yield strength of the material may be 300 megapascal. So, you
may think that if sigma x is 300 megapascal, sigma y is 300 megapascal, sigma z is 300
megapascal from all sides and shear stress is are not there then also the material will fail,
but no in that case the material will not yield because that means. So, this is because this

is hydrostatic state of stress.

So, then we how to make some criteria in which we can express this in terms of the
stresses acting on that or we can express in terms of the principal stresses. That means
principal stresses are those stresses if we consider 3 orthogonal planes in a material that
we find in those 3 orthogonal planes it is possible to find out 3 orthogonal planes in
which there will not be any shear stress and there will be only direct stress. So, those are
called the principal stresses and they are indicated by sigma 1, sigma 2, sigma 3. You can
write it increasing order sigma 1 is, sigma 1 is the biggest and sigma 3 is the lowest if we
have that type of situation then you can of course, discuss you will yield criteria in terms
of those principal stresses also it is very easy to transform any state of stress is the if it is

known to us I can get the principal stresses.

So, for example, here that is in this case I can have sigma 1 minus sigma 2 whole square
plus sigma 2 minus sigma 3 whole square plus sigma 3 minus sigma 1 whole square and
this is equal to sigma Y square 2 sigma Y square. So, this is well known one Mises
criteria, one Mises criteria is known like that if this condition is satisfied then the
yielding will occur otherwise no. For example, if sigma 1 is equal to sigma 2 is equal to
sigma 3 all are equal to 300 megapascal then it becomes 0 plus 0 plus 0 your left hand
side is 0 only and right hand side is some things 2 sigma Y square because sigma Y the
yield strength, so this material is not going to deform plastically. So, this is suppose you
have got one criteria that is called one Mises criteria similarly you can have Tresca
criteria means suppose we say sigma 1 minus sigma 3 ok, highest minus lowest is equal

to sigma Y.

So, we can say if that condition is satisfied then according to Tresca criteria it fails, here

also if we can say if sigma 1 is 300 sigma 3 is equal to 300 material will not fail. So,



these two scientist they have given the criteria. Now, what I am showing here that I have
made a diagram state of the stress in principal coordinate system. So, I have got sigma 1,

then I have got sigma 2, then I have got sigma 3 here ok.

Now, here if I make one cylinder; so, if I write the equation of this that means, one Mises
criteria, this I have written up this equation if I put it in this one if you know 3D
geometry very well you can know that this will be in this is nothing but the equation of I
circular cylinder. That means there is a cylinder that cross sectional area is circled until a
cylinder that has been shown here, but in a plane surface I cannot know 3D. So, that is
why in isometric view it has been shown I think you are understanding that this is
basically cylinder and this is called basically Mises yield surface that whole thing is this
one. That means, if any stress point state of stress is inside this one cylinder then it is not

failing, but once it is on the surface it is failing.

And axis of this cylinder will be hydrostatic line that is sigma 1 is equal to sigma 2 is
equal to sigma 3 at this point this is. So, if I am at hydrostatic line there is no yielding
because im inside the cylinder. Tresca yield surface will also be shown like a like a

prism, but it will be hexagonal cross sectional will be this is hexagonal all this.

Now, if I cut this cylinder by a deviatoric or pi plane that in which hydrostatic stress is
not there that means, if I cut it by a plane sigma 1 plus sigma 2 plus sigma 3 equal to 0
that we are calling as a pi plane. You know sigma 1 plus sigma 2 plus sigma 3 equal to 0
in 3D it is the equation of the plane, in 2D if we say x plus Y equal to O that is a straight
line, but in 3D x plus Y equal to 0 is a plane X plus Y plus Z equal to 0 that is also a
plane. So, this plane has been cut then you will see that we will get a yield locus and that
yield locus will be circled for one Mises criteria and it will be regular hexagon in case of

the Tresca criteria.
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Classical Theory of Plasticity

The Mises surface is a right circular cylinder of radius (/2/3)ay, while the Tr¢
is a right (regular) hexagonal prism completely inseribed in the Mises cylind

One can use the yield surfaces to find out graphically when the state of stress at
material particle will reach the vield level.

For this purpose, express the state of stress at the material particle in terms of the
principal stresses (ay, 05, 03)

Then locate the point in the stress space with the coordinates (0, 05, 03) . 4

4

A8
Let the stress level at the material particle be such that its behavior is still elastié Theny
the point will be inside the yield surfaces. { i

So, now, you all observing like this here. So, Mises surface is basically a right circular
cylinder of radius under root 2 by 3 sigma Y; while the Tresca surface is a right regular
hexagonal prism completely inscribed in the Mises cylinder. So, Tresca remains inside
the one Mises that means Tresca is conservative, that means if the material is failing as

per one Mises it will definitely fail as per Tresca.

One can use the yield surfaces to find out graphically when the state of stress at the
material particle will be reach the yield reveal. For this purpose express the state of stress
at the material particle in terms of the principal stresses that is sigma 1, sigma 2, sigma 3
then locate the point in the stress space with the coordinate sigma 1, sigma 2, sigma 3, let
the stress reveal at the material particle be such that its behavior is still elastic then the
point will be inside the yield surface, it has to be inside the yield surface, ok. It will be
inside like suppose A it is inside the yield surface suppose, B is inside the yield surface,

ok.

Now, let us denote this point by A then the vector OA represents the state of stress at the
material particle. This vector can be decomposed into two components the component
OB along the hydrostatic line and I can have another component OC along the deviatoric
plane. So, component OB of that one represents the hydrostatic part of the stress while
the component OC represents the deviatoric part of stress. Now, let there be an increase

in the stress you increase the stress, but for let increase should be in direction OB that



means, hydrostatic part increases you will see in that case a point will never reach to the
surface. It will only remain inside and then it cannot cause any yielding, so because

hydrostatic part of stress has no effect on the yielding, ok.
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On the other hand, 1 the increase in the siress level 1s such that the deviatorie
both the components increase sufficiently, then the point A can reach the yield su
happens, there will be yielding at the material particle

When the state of stress at a p;n‘lidu is such that its h.\'dua.\tllic part is zero, then 1
representation of the _\'iuld criteria reduces to curves:
o circle of radiusWE30r for the Mises criterion
(1) eircle of radiusV=' )y for the Mises criterion and
(i) a regular hexagon for the Tresca eriterion which is completely inseribed in the Mises cir
7 These  curves  are  the

intersections of the yield surfaces Mjses cirde
with the deviatoric plane.

# They are called yield loci on the b
deviatorie plane e—

So, now, but on the other hand if the increase in the stress level is such that the deviatoric
component OC or both the components increase sufficiently then the point A can reach
the yield surface when this happens there will be yielding at the material particle. So,
when the state of stress at a particle is such that its hydrostatic part 0, then the
geometrical representation of the yield criteria reduces to curves then we can make yield

curve. So, suppose we have made a yield curve here.

So, circle of radius under root 2 by 3 sigma Y is for Mises criteria and a regular hexagon
for the Tresca criteria which is completely inscribed in the Mises circle. You see this is
having hexagon it is consisting of this one each 6 line is representing one type of
equation here sigma 2 minus sigma 3 is equal to sigma Y sigma 1 minus sigma 3 equal to
sigma Y sigma 1 minus sigma 2 is equal to sigma Y. That means, any of these 6
conditions is satisfied that means, yielding will start, but you can see intersection of the
yield surface with the deviatoric part is called yield loci we say this is basically yield
locus. So, this is one is the yield locus and we can say one Mises yield locus is a smooth
where as the Tresca is not smooth actually. So, that is what here you are getting parallel

points also.
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# Here also, the Tresca hexagon is completely
inscribed in the Mises ellipse.

# These curves are the intersections of the

a,
ay
Trresca hexagon |
0,=0,
‘.-r""

-
yield surfaces with the plane s, =0 . {3 ﬂ'__ "1 lov
Mises ellipse ;-5‘ S
¥ Therefore, they are known as the yield loci — 7 o
on the plan¢ a3 =0, o0 | Y
1“'_. - ﬂ}.
Fig 10

Loci of the Mises and Tresca vield surfaces =0

So, now, it is on the other hand if the state of stress at particle is of plane stress type we
can have plane stress type of thing in which only in X Y plane stresses are acting you
have got sigma X, sigma Y and tau X Y shear stress is there. If one of the three principal
stresses is 0 at the particle then the geometrical representation of the yield criteria will
become too different curve that means, we can put in the same expression sigma 3 is
equal to 0. So, we get, one equation we get this is Mises criteria this is basically the
equation of the ellipse in represent and we get for Tresca criteria we get this type of

expression.

So, this is for one Mises criteria you are getting ellipse in plane stress case sigma 1 and
sigma 2, but for Tresca criteria also you are getting hexagon, but it is no longer regular
hexagon are the sides are different you can see here these are this one. So, this is this

one.
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Convexity of Yield Surfaces
- It is observed that the regions bounded by the yield surfaces of bot
and Tresca criteria shown in Figure are convex.

- Aregion is defined as convex if a straight line segment joining any two
the region lies completely inside the region.

+ When anisotropic yield criteria are formulated, one of the requirements of
criteria is that their geometric representations must lead to convex yield surfa

So, in general now, a one point is there you have observed that these yield surfaces are
convex. How do we define mathematically, what is a convex? A region is defined as
convex if a straight line segment joining any two points of the region lies completely
inside the region then it is constant and this is importance. For example, this is why I am
calling it is convex because if I take a point here and I take a point here I join them that
point is also convex, but if I make this type of some profile this one and if I take a point
here inside I take a point here and joint it then you see that something is going out that

means, this is not convex, ok.

So, what happens that here, when anisotropic yield criteria are formulated one of the
requirement of these criteria is that their geometric representation must lead to convex

yield surface that means, we should always have the convex type of yield surface.
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Experimental Validation

» There have been quite a few attempts to compare the predictions of the Mises and Tresca ¢ni
experimental results on yielding.

~ Notable amongst these are the experiments of Lode, Taylor and Quinney.
Lode’s Experiments
» Lode conducted experiments on thin tubes subjected to internal pressure as well as axial
.The tube material was iron, copper and nickel.
» Besides comparing his experimental results on yielding with the predictions of the yield eri
he also studied the influence of the intermediate principal siress on yielding.
e i

Now, I am coming to the some comments about the this is called classical theory of
plasticity in which you have in studied for isotropic material, one Mises and Tresca
criteria are actually important. So, they are have been quite a few attempts to compare
the predictions by the Mises and Tresca criteria with experimental results on yielding.

And notable experiments are that of lode and another set is by Taylor and Quinney.

Now, lodes experiments let us discuss what lode did what he did that he took a thin
cylinder this type of thin cylinder applied the internal pressure and also simultaneously
the axial type of load so that means, and it is he represented in the form of r theta

coordinate system here.
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- Itis convenient to use the cylindrical polar coordinates (1, 8, ) shown in
With respect to this coordinate system, the matrix of stress components car

as
arr ari.i' 0

ir
lo]=|e, o, o, (38)
g, 0, 0

n

» The geometry and loading are such that, the stress components in the tube are thi
at every point. The normal stress components are given by

_Pn _F
Oy % 0, Tpg = I Oz = f’ (39)

» where p is the internal pressure in the tube 7} is the inner radius of the tube, £
thickness of the tube, F; is the axial force (tensile or compressive) acting on
A 1s the area of the cross-section of the tube,

And if you do that then you can express the stress matrix in terms of r theta z
components. So, you are getting sigma rr then you are getting sigma r theta, then we are

getting sigma zr, then we are getting sigma r theta and all these things we are.

Now, geometry and loading are such that these stress components are like that because it
is a thin cylinder so sigma rr is 0, radially stresses almost 0. In fact, dominating is the
who the stress. So, sigma theta theta is pri by t and sigma zz is equal to axial stress that is
F z by A. So, p is the internal pressure r i is the inner radius and t is the wall thickness of
the tube F z is the axial force tensile or compressive acting on the tube and A is the cross

sectional area of the tube, ok.
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» Further, the shear stress components in the tube are zero. Thereft
are the principal stresses,
~ Herd@®8 s always tensileSzz may be tensile or compressive,
- Let us order these principal stresses and use the usual notation for th

Lode introduced a parameter denoted by # and defined by

20’2 =03 =M

Iu S —
01=03

n 30

- Itis called the Lode parameter. Using the definition of Lode parameter Eq
for the Mises criterion becomes

a0 =0y 2

O 3+

Now, further the shear stress components in the tube are 0 because it is axis symmetric
tube there is a symmetry sigma rr sigma theta theta and sigma zz will be the principal
stresses in that case sigma 1t is 0. Here sigma theta theta is always tensile, and sigma zz
may be tensile or compressive I may stress longitudinally that tube are I my may
compress. So, let us order these principal stresses and use the usual notation suppose we
say sigma 1 is greater than sigma 2, and sigma 2 is greater or equal to sigma 3 then lode
introduced a parameter denoted by mu and he defined mu like this 2 sigma 2 minus

sigma 3 minus sigma 1 divided by sigma 1 minus sigma 3. It is called the lode parameter.

If we substitute in the one Mises criteria then one Mises criteria becomes like this sigma
1 minus sigma 3 by sigma Y is equal to this much. And for Tresca criteria this sigma 1
minus sigma 3 by sigma Y will become equal to 1 so that means, both criteria can be

compared that is why lode defined this type of parameter.
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» Further, since the principal stresses are ordered, the Tresca criterion
expressed as a-%_,
oy
+ The axes used are(s, - a;)/a, and {t .

+ Lode found the experimental values of (s -0)/5; and g at yielding by
varying the internal pressure p and the axial force f, .

# The experimental points are not shown in & i
i i 2 CTilerion
the figure, G-
# However they fall between the Mises and o B
Tresca curves and are closer to the Mises
curve,

o\
0

1 FiL 0t 1
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And here for Tresca you have got sigma 1 minus sigma 3 is equal to sigma Y equal to 1

and axes used are sigma 1 minus sigma 3 by sigma Y that is one axis on the top and this
is equal to mu. So, in the Tresca criteria now I am starting the vertical axes from 1. So,
that ok, horizontally this is mu 0 to this one 1 this side, 0 to minus 1 this side so that

means, this is the point 0 1.

So, as per Tresca criteria this is the point and Mises criteria is giving this type of curve.
So, now, what happens? Then experiment points are not show in this figure, but all the
experiments he conducted they fall between the Mises and Tresca curve. So that means,
Mises and Tresca curve it is this one so that means, both the criteria are able to predict,

but Mises criteria is providing a type of upper bound.
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Experiments of Taylor and Quinnney
» Taylor and Quinney also conducted experiments on thin tubes subje
force. But the other loading was twisting moment instead of the intern
The tube material was mild steel, copper and aluminum,

» Here, the normal stress due to axial foree is constant, but the shear st
twisting moment increases in the radial direction and attains the maximu
at the outer tube surface.

» Therefore, yielding will take place at the outer surface. The non-zero
components at the outer surface are

_ Mgt _h
% =31 =7

where M, is the twisting moment acting on the tube, ¢ is the outer diamete

tube and Izzis the moment of inertia of the tube cross-section about the -
called the polar moment of inertia).

Now, then similarly experiments of Taylor and Quinney they conducted the experiments
on this tubes, but subjected to axial force, but instead of applying any pressure they

applied the twisting moment.

So, when they applied the twisting moment then in that case nonzero stresses was sigma
theta z that was the shear stress this is given by this expression M z is the twisting

moment and I zz is the moment of inertia and sigma zz was F z by A.
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The principal stresses in the tube are given by
a 7,,\% 12
2z 2Z
ay, 0y = Ti[(T) +a§z] ,0,=10
Substituting Equation 43, Equation ;30 for the Mises criteria becomes
(&)’ . (@)z =
Ty y

Tresca criterion is given by Equation 43. Substituting Equation 43 in Equation 42
the Tresca criterion can be written as

2 2
(&) «(5) -1
% 9y




And then the principal stresses in the tube are given by sigma 1 sigma 3 and sigma 2

equal to 0, then the one Mises criteria becomes like this and the Tresca become like this.
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» The plots of both the Mises and Tresca criteria are shown in Figure 12. Th
used are Gy, /0y and 0,,/0y.

» Taylor and Quinney found the experimental values of 0g,/0y and 0,,/0y a
yielding by varying the twisting moment M, and the axial force .

» The experimental points are not shown in the figure 12. But they lie closer to th
Mises curve.

~ So both the experiments indicate that the Mises criterion is in better agreement

with experimental results. Henceforth, we shall use only the Mises criterion.
# So both the experiments indicate that the Mises

criterion is in better agreement with experimental
results.
# Henceforth, we shall use only the Mises criterion

%

ay

Mises cuenion | %2 | 4| 208 |

So, both the criteria are here plotted nicely in this expression, this is Mises criteria this is
Tresca criteria. So, most of the experimental points they lie between these two criteria, so

we can see, but Mises criteria predicts more stresses compare to the Tresca criteria.
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The experiments further indicate that the Tresca criterion is conservative
prediction of yielding is concerned.

~

» Therefore, it is preferred in the design of structures and machine elements wh
objective is to avoid yielding,

»

The Tresca yield surface is not smooth like the Mises yield surface

Normal to the Tresca yield surface does not exist along the six edges of the hexagon
prism.

»

b

This creates difficulties in applying the plastic stress-strain relations along th
these relations depend on the normal,

»



So, the experiments indicate that the Tresca criteria is conservative as for as the
prediction of yielding is concern that means, according to Tresca criteria yielding will

start first.

So, if you are designing some component for failure; better use Tresca criteria that
means, assume the failure will occur, but if you are designing a machine tool then
assume that one Mises criteria because if otherwise if material will deform as per Tresca
criteria, but actual practice it may not deform because one Mises stress will give more
amount of the stresses that is why this was happened. So, therefore, it is preferred to the
design of structure and machine elements where the objective is to avoid yielding that
means, Tresca criteria. Tresca yield surface is not smooth like the Mises yield surface
and normal to the Tresca yield surface does not exist along the 6 edges of the hexagonal
prism. So, this creates difficulty in applying the plastic stress strain relation along the
edges as these relations depend on the normal. So, most of the time we use this one

Tresca criteria, we do not use because of this one difficulty it is not continuous.
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Dislocation or line defect

It is an imperfection extending along a line having a
length much larger than the lattice spacing.

Dislocation is the region of localized lattice distortion
which separates the slipped and unslipped portion of
the crystal.

The upper region of the crystal over the slip plane has
slipped relative to the bottom portion.

The line (CD) between the slipped and unslipped
portions is the dislocation,

The magnitude and direction of slip produced by
dislocation (red shaded) is the Burger vectar, b, of the
dislocation,

Now, we come to these one phenomenological model. Now, I am going to explain
something about dislocation base thing. So, while just give the basic concept about that.
In the course on the material size you will here study about dislocations in detail;

dislocations are line defective. So, basically dislocation is an imperfection extending



along a line having a length much larger than the lattice spacing you know that one unit

cell that is called arrangement of the crystal that is lattice.

So, dislocation is the region of localized lattice distortion which separates the slipped and
unslipped portion of the crystal. Schematic diagram is shown, here it has slipped and
here this upper portion has slightly slipped and this one lower is this one. So, for
example, that it is like this here it is this portion has slipped and this is bottom portion is
here. So, you are seeing this type of thing this can be called as a slip vector, this is called
slip vector. So, the upper region of the crystal over the slip plane has slip relative to the
bottom portion line CD between the slipped and unslipped portion is the dislocation. So,

this may be called a dislocation.

The magnitude and direction of slip reduced by dislocation is the burger vector B of the

dislocation. So, we obtain the burger vector.
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There are two common types of dislocations:
1) Edge dislocation
1) Serew dislocation

Many dislocations in erystalline materials have hoth edge and serews components; these
mixed dislocations.

Edge dislocation- When an extra hall-plane of atoms is accommodated by distorting the regular
lattice arrangement (as done with the xx " half-plane in figure), the resulting defect is termed as edg
dislocation.

ST
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And here there are two common types of dislocations one is called edge dislocation other
is called screw dislocation. Many dislocations in crystalline materials have both edge and

screw components these are mixed dislocations.

So, edge dislocations that means, there is an extra half plane of atoms in the crystally
structure it is accommodated by distorting the regular lattice arrangement you are seeing

this type of phenomena this effect is called edge dislocation you see that here on the top



you have 1 234 56 7, 7 planes are there in the bottom 12 3 4 5 6 only are there that
means, one extra half plane is there that is X prime, Y prime, XY. So, this one is there

that is why there is some distortion here so this is called edge dislocation.

(Refer Slide Time: 59:10)

Burgers circuit

The Burgers vector can be found by the gap in the Burger circuit which is obtained by moving

distances in each direction around the dislocation.
A B
0000000003030

And then so how do we quantify edge dislocation? This edge dislocation is quantified by
burgers circuit. We make burger circuit and we obtain burger vector. Suppose we start
from a point called A move in the clock wise direction go to the point B, then we go to
the point C, then we go to the point D and then finally, we go to the point A if we do this
type of thing then we are reaching to the same position ok, it is regular arrangement that.
But suppose you see it on the right hand side figure I am starting point A going to B to
step movement then I went 1 2 3 4, 4 is step down went to C, then I am moving 4 step in
that direction 1 2 3 4, then I go to up direction 4 step, 1 2 3 4. So, upper side we moved 4

step down, 4 step is step up concealed.

Now, here in the horizontal side already we had move two step towards right hand side
and 4 step left hand side. So, we should move 2 step again. So, we moved 2 step again to
the right side, but we reached at point E we did not get the previous point we reach the
point E. So, difference between E and A each called burgers vector. So, EA is a burgers
vector its length will give the magnitude of that dislocation and that is what you are

bring.



So, this is burgers vector that which characterizes the dislocation. Now, I am we have
also a term called dislocation density. What is the dislocation density? It is basically the
length of the dislocation because it is edge dislocation. So, how much length of the atom
is affected that length divided by the volume. So, it will have what unit? The length unit
i1s centimeter and volume is centimeter. So, was centimeter cube volume is centimeter
cube. So, therefore, dislocation density will have unit of 1 by centimeter square. Do not
say that it has say kg per meter cube or something like that; it is 1 by meter square

because dislocation density means dislocation length per unit area and this is this one.

(Refer Slide Time: 61:40)

Serew Dislocation: Burgers vectors

The other type of dislocation is the screw dislocation where the Burgers vector is parallel to the dislocd
line (X1).
It results from the dislocation of movement of the lattice atoms from their regular ideal positions.,

Burgers circuit

See what is a screw dislocation? Screw dislocation is like this that here there is a short of
that shearing. You see that here this half plane has sheared in this direction and you this
is a dislocation line XY, behind that there is a perfect crystal. In this case what you are
observing that you can observe that by means of the burgers vector here also that you

move in this one direction.

Let us say that we are starting from this point let us say that we are going 1 2 3, then you
go1234,1234,4 steps again we go 1 2 3 4 step, again we go 4 step here, we are
moving again 2 step and we are coming to this point and then we draw a burger vector
this time. But now, this time your burger vector is actually parallel to the dislocation line.
So, this is called screw type of dislocation, this it is a screw type of thing. It is something

like there is a type of shearing that means, this metal this surface is just sheared that



means, one block just got sheared like this. So, you are seeing that here it has moved
little bit more and here it has moved a bit less that means, atomic distance movement is

less. So, you are getting this screwed dislocation.

(Refer Slide Time: 63:19)

Dislocation movement

» Dislocations move in steps. The edge dislocation at P moves to Q in steps as depicted by
(half-plane) and blue atoms.

# This movement is analogous to movement of a caterpillar.

» When the half-plane reaches a free surface it produces a slip step.

» Edge dislocations can move only on the slip plane while screw dislocations do not have a fix
plane.

—

Slip plane

Now the in this one dislocation movements actually causes the plastic deformation;
dislocation usually there can be two phenomena for plastic deformation one is the
slipping. What is slip? Slip means the dislocation it is due to dislocation movement
mostly there is a slip plane and which the dislocation will move here suppose this is the
point P here, this dislocation then it migrates to the another point. It comes in this
direction when force is applied then further force application migrates it to this point and
finally, it has come to this one. So, this type of migration of dislocation it is causing this

one.

So, this dislocation we give some time the analogy that metal deforms that is why your
you remains constant because metal deforms like a card of dig, you can take playing card
I do not play cards. So, I have brought this one visiting cards, my visiting cards you see,
my visiting cards are there I have put stack this one you consider this is the you know
atoms are arranged here then I am pushing it and you see that here. It is like this it is
going in this way that means, there is a movement, but the top surface (Refer Time:

64:38) moving almost the same distance, but still that from bottom to top you see large



difference in this for shape large this length is only this much you see large amount of

shearing, but not that individual atom is not undergoing.

So, this is like that. So, this is how this I am showing a bit exaggerated you see this is
how that it is slipping that means, each one is slipping little bit another is slipping
somewhat distance this one. Suppose 1 percent slips I mm, on top of that another slips 1
mm, on top of another that slips 1 mm. So, so total will be 3 mm, but not that 3 mm has
been stretch that one go otherwise you will require huge amount of force may be 100
times or may be more that much more than 100 to 1000 times more force will be
required, but because of this movement less amount of force is required you see that this
thing. I am not stretching into like this rather I am causing the slipping of this. So, that is
what that you know it has been shown by the slipping behavior and this one will be card
of technology.

Another analogy given that movement is analog us to the movement of a caterpillar or |
would say the carpet analogy. What is a carpet analogy? You see I have brought a carpet
for you here this a small carpet. Now, if I want to pull this carpet here I am requiring
huge amount of force it is not easy. So, what we can do that I just make a small repel
type of here and then I propagate I just make some repel here then I keep moving it like
this, keep folding its slightly like this, keep moving like this and keep moving like this.
And finally, it has moved so that means, I am moving repel by repel that means, this is

my carpet analogy that is also called like this.

So, movement is analogous to movement of caterpillar when the half plane reaches a free
surface is produces a slip step edge dislocations move only on the slip plane, while screw
dislocations do not have a fixed glide plane is screw dislocations they can cause twinning
also twining means you make the mirror image of thing that means, one portion of the
atom gets a twisted a bit and it makes this one. But the twinning is generally observed in
some materials which have hexagonal close materials most of the easily machine dye
material they deform by means of the slip deformation under the favorable

circumstances.

So, twinning is not that prominent phenomena and this will be like this. So, what
happens that here it is in the twinning you may get some type of that type of situation,

that here you it may twin along that is side and it may be I mean something like that



some sort of twisting, some sort of this one. Here I am making may be yes may be like
this, and this is this one. So, some sort of twisting is there and this will be this will be this
one twinning. So, twinning phenomena will not discuss much most of the discussion we
will assume that the material is deforming by slipping. If there is a twinning phenomena
really present then this becomes a very difficult to model, it is having more complexity in

the modeling so, this much for today. We will continue in the next lecture.



