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Now I am going to discuss mathematical model for material removal in ultrasonic machining,
now these models, there are various models that have been proposed by various researchers
for example Miller proposed mathematical model for understanding the mechanics of cutting
in ultrasonic machining in the year 1957, M. C. Shaw proposed a model for the same purpose

in the year 1956.

Then Kazantsev and Rosenberg proposed a model for understanding the mechanism of
material removal in ultrasonic machining in the year 1965 and there are various other models
which have been proposed and reported in the literature survey. However I am going to

discuss only one that was proposed by M. C. Shaw.
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ANALYSIS OF MRR IN USM ( M. C. SHAW'S MODEL)

ASSUMPTIONS

= ABRASIVE GRAINS ARE SPHERICAL IN SHAPE HAVING DIAMETER
AS 'd’ (=2R)

= VOLUME OF THE MATERIAL CHIPPED OFF FROM WORKPIECE IS
EQUAL TO HALF THE VOLUME OF A SPHERE OF diam. = 2r, Note
2r#d
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Fig. 12 Development of a fracture in the work piece due ro hitting by an abrasive particie)

Now let us understand the mechanism of material removal as per the analysis reported by
Professor M. C. Shaw, he made certain assumptions during the development of the model as
we see he assumed that abrasive grains are spherical in shape and they are having constant

diameter that is small D and equal to 2 capital R.

However in reality it is not so, the shape is not spherical and the size of the abrasive particles

also not uniform it varies within a certain range. Second assumption which is important to



note is volume of the material chipped off from work piece is equal to half the volume of a
sphere of diameter equal to 2 small R, here please note that this 2 small R is not equal to the

diameter of the sphere. 2 R is something different as we can see.

So let us see the second assumption again volume of the material chipped off from the work
piece is equal to half the volume of a sphere of diameter equal to 2 R, note that here 2 R is
not equal to D because D is the diameter of the abrasive particle or the grit while 2 R is the

assumed diameter of the fractured volume considered as sphere.

(Refer Slide Time: 03:10)

As you can see here that this is the grit and when it is penetrating upto this depth it is
assumed that the volume of this is equal to the semi sphere having the radius equal to 2 R, as
you can see here, here is the tool which is vibrating ultrasonically and here is the grit having

diameter D and this is the, 2 R is the diameter of the hemisphere of the fractured volume

That figure indicates clearly that capital R is equal to D by 2 where small D is the diameter of
the abrasive grit and at the bottom you can see small R is the radius of the hemisphere of the
fractured volume of the material and then other things, H is the penetration to which the
abrasive particle is penetrating inside the work piece surface and capital R minus H is the rest
of the arm of this figure shown over here, it will be utilized for the calculation in the

following slide.
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MATERIAL REMOVAL BY ‘THROWING'AND HAMMERING®  [77]
ACTIONS ARE CONSIDERED.

OTHER MODES OF MATERIAL REMOVAL (CAVITATION, AND
CHEMICAL _ACTION) ARE NEGLECTED.

RADIUS OF THE CRATER FORMED DUE TO FRACTURE ='r. HERE
CRATER IS ASSUMED TO BE HEMI-SPHERICAL.

RADIUS 'r' IN TERMS OF ABRASIVE PARTICLE RADIUS (=R)AND
DEPTH OF PENETRATION (= h) CAN BE EXPRESSED AS:

r? = R? — (R-h)? reou me csousray or ma 12

= R°-R%*+2Rh-h?

= 2Rh (/S VERY SMALL COMPARED TO d MENCE h* BECOMES STILL SMALLERAND

HENCE NCCLECTED)
NOW, VOLUME OF MATERIAL REMQOVED / (GRIT - CYCLE), (Vg)

Vg =" (43 wr’)
=2/3 w (2Rh)*2 (r*=2Rh, FROM ABOVE)
=k, (hd)** mm?/grit-cycie (k, =» Const. in grit-cycle,
2 h&d-=mm)

Where, ‘h’ is depth of penetration.

|

So, material removal by throwing mechanism and hammering mechanism, two of the

mechanism that have been considered, I will show you what do they mean in fact in the
following slide as we can easily understand here, suppose this is the tool and here is the work
piece and say this is the abrasive particle in the slurry when this tool is vibrating
ultrasonically, this will hit this abrasive particle as a result of this, this particle will move
towards the work piece and penetrate inside the work piece as in this particular case or in this

particular case.

So this is known as throwing model because here particle is thrown by the tool towards the
work piece. In the second case, this is the work piece, this is the tool and if the gap between

the bottom face of the tool and top face of the work piece is smaller than the size of the



abrasive particle then this tool will be hitting the abrasive particle and part of the abrasive
particle will penetrate inside the tool part of it will penetrate inside the work piece and this is

known as hammering model.

Other modes of material removal like cavitation and chemical action of the slurry on the
work piece are neglected in this particular model. Radius of the crater formed due to fracture
are as | have shown in the figure in the earlier slide, here crater is assumed to be hemi-
spherical as shown over here with the dash dash line. Radius R in terms of abrasive particle
radius and depth of penetration is small H as I have shown earlier they can be expressed like
R square is equal to capital R square minus within bracket R minus H whole square and this

is very clear from the previous slide where the figure is shown.

So R square and R square will cancel we are left with 2 R H minus small H square and this
comes out to be approximately equal to 2 R H, here H is the depth of penetration and as you
can see here this and this is very small and square of this depth of penetration H square will
become still smaller hence it can be neglected now let us find out what is the volume of

material removed per grit per cycle and let it be expressed by VG.

Now this VG will be equal to half of the volume of the sphere, now here you can see we have
assumed that this is the semi sphere so actually this is the sphere so half of the volume of the
sphere the volume of the sphere is given by 4 by 3 pi R cube and half of it becomes half
multiplied by 4 by 3 pi R cube and this comes out equal to 2 by 3 pi within bracket 2 R H
raise to power 3 by 2 and here as you can see in the previous line we have shown that R is
equal to approximately 2 R H so if we take this one then we get this equal to K1 H into D
whole raise to power 3 by 2 millimeter cube per grit per cycle, this is the volume where K1 is
the constant which can be evaluated by the experimental results. H and D are to be given in

millimeter. Here H is the depth of penetration as have been shown over there.
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LET ‘N’ BE NO. IMPACTS/CYCLE

N’ IS AN INVERSE FUNCTION OF X-SECTIONAL AREA OF THE GRIT
(d* QR d %)
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E (Fig. 13)
= IS EVERY GRIT ACTIVE? (THAT IS, DOES EVERY GRIT MITS THE WORKPIECEAND
REMOVES MATERIAL?)
LET "W’ BE THE PROBABILITY THAT A GRIT UNDER THE TOOL IS ACTIVE
Ve (mr:cvcLe) = K x Vg x No. OF IMPACTS

{ <% FREQUENCY

=K K, K,(hd)*?|d? =K K, K, ((h* ] d) OF TOOL
VIBRATION

MRR,=K K, K, . f V(h? / d) mmi/s

= HOWTO KNOW DEPTH OF PENETRATION ‘h' 7

e

THROWING MODEL HAMMERING MODEL

Now let N be the number of impacts per cycle where N is an inverse function of cross-
sectional area of the grit and whose diameter is D. Now let us see here two figures on the left
side there is a abrasive particle of the smaller size having diameter D and on the right side

you has the abrasive particles of the larger size.

Now as you can see larger the size of the (())(09:31-09:39 inaudible) particle larger number
of the abrasive particles are covering the same area. So you can write N is equal to K2 by or

K2 upon D square where K2 is a constant of proportionality.
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Now is every grit active? This is the question which arises as you can see here in the figure,
suppose this is the tool and there are various abrasive particles whichever particle is hit by the
tool the question is whether every particle is reaching to the work piece and hitting the work

piece or some of them are just dying out their energy.

Energy die out while travelling from the tool towards the work piece so what it is done let K
be the probability that a particular grit under the tool is active or it is hitting the work piece
and removing the material then the volume VC is the material removed per cycle can be
given by K multiplied by VG into number of impacts which becomes equal to K multiplied
by K1 into K2, H D raise to power 3 by 2 divided by D square that comes out to be equal to
K into K1 into K2 under the root H cube by D.

Now here we have substituted the value of VG that was found in the previous slide so
volumetric material removal rate MRRYV is equal to K, K1, K2 multiplied by F under the root
H cube by D, and this unit is cubic millimeter per second. Now here we can see it is
multiplied by F, where F is the frequency of vibration of the tool and here you can see, you
can determine K, K1, K2 from the experimental results. F is already known that is frequency
of vibration and D is the diameter of the grit which is also known but we do not know the

depth of penetration H that is given over here.

So we will be using two different models, the question arises how to know the depth of
penetration there are the two models proposed by the Professor M. C. Shaw one is the

throwing model, another is the hammering model which I have already explained to you, this



is the throwing model and this is the hammering model or this is the throwing model and the

hammering model.
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THROWING MODEL

Throwing

[

E(;m

Workpiec

As you can see clearly, grit is thrown by the tool and it is penetrating inside the work piece F

TH is the force acting when the tool is hitting the abrasive grit in the throwing model.
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THROWING MODEL

= A GRAIN IS THROWNON TO THE WORKPIECE BY THETOOL
= THE TOOL DISPLACEMENT (OR VIBRATION (Y) FROM THE MEAN
POSITION (t=0) AT TIME t

Y = a/2 sin (m2fm)
VEL. OF TOOL = dY/dt = Y = maf cos (m2ft)
MAX. VELOCITY, Y __, = maf

( for cos (n2ft) = 1)

-
(ASSUMING THAT THE GRIT WP

ALSO LEAVES THE TOOL Tool vibration

R — e ]

A grain is thrown on to the work piece by the tool as we have already seen in the slide and
this is very clear from the slide on the figure on the right side and we can see T is the time
that is equal to 0 that means when time is zero the tool is just touching the abrasive particle.

Now the motion of vibration can be expressed or the displacement can be expressed as Y is



equal to A by 2 sin 2 pi FT, where we already know that A by 2 is the amplitude of vibration,
F is the frequency of vibration and T is the time at which we are trying to find out the

displacement.

Now velocity of tool can be evaluated by DY over DT, that is equal to Y dot and if you
differentiate the earlier equation it comes out to be pi AF cos 2 pi FT. The maximum velocity
that a tool can achieve is given by Y dot maximum equal to pi AF and this will be maximum
only when value of the cos 2 pi FT is equal to 1 so for cos 2 pi FT is equal to 1 we achieve Y

dot maximum is equal to pi AF.

Now here there is very important assumption in determining the maximum velocity of the grit
particle or the tool specially when we are assuming that the grit also leaves the tool at this
particular maximum velocity at which the tool is vibrating. This tells the tool vibration where

amplitude of vibration and the time both are shown.

Now from this we can find out the kinetic energy content by the abrasive particle, we already
know kinetic energy is given by half MV square while M is the mass of the abrasive particle,
V is the velocity of the abrasive particle with which it is moving towards the work piece or it
is hitting the work piece and as you can see here, the mass is given by pi by 6 D cube rho A
where rho A is the density of the abrasive particle and small D is the diameter of the abrasive
particle and pi square A square F square is the V square or the maximum velocity of the

abrasive particle with which it is hitting the work piece.
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FULL K.E. IS ABSORBED BY THE WORKPIECE BEFORE THE PARTICLE
COMES TO REST. IT WILL RESULT IN PENETRATION ‘h,.' INTO THE
WORK PIECE . THEN THE AVERAGE WORK DONE IS GIVEN BY,

. R

h
ASSUMING THAT THE FORCE VARIATION DURING PENETRATION IS TRIANGULAR
IN NATURE)
AVG. CONTACT STRESS (v,) ON THE WORK SURFACE = BRITTLE FRECTURE
HARDNESS (H)
o, = Fl/ niy.d 71 (nr® = 2nRh,,,,, = wh,,,d)

F = mhdH ( Substituting, o, = H)

ITIS KNOWN THAT K.E. OF A PARTICLE = WORK DONE

K.E. (= amv?) = "4(ni6 d° pa) n?a*f = 2 mHhd. h,

Now full kinetic energy is absorbed by the work piece before the particle comes to rest, it is
assumed it will result in penetration equal to H THW, suffix THW or subscript THW
indicates TH stands for throwing model and W stands for work piece into the work piece,
then the average work done is given by half FH THW where H we can determine from the

figure as you can see here it is assumed that the variation in the force is triangular in nature.

Assuming that the force vibration during force variation during penetration is triangular in
nature. Average contact stress sigma W on the work surface is equal to brittle fracture
hardness of the work piece material with this assumption sigma W is given by F divided by pi

H THW D now here pi DH THW, just a minute, H THW.
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Now this portion pi D is the periphery of the spherical hemi-spherical penetration that we are
assuming and this gives the H THW so from this we can find out whatever the area over
which force F is acting from there we can determine the sigma W. So we get F is equal to pi
H this will be pi H THW DH substituting sigma W is equal to H, it is known that kinetic

energy of a particle is equal to the work done.

So we can equate the work done to the kinetic energy of the abrasive particle, so we can see
here half MV square is equal to half pi upon 6 D cube rho A multiplied by pi square A square
F square is equal to pi H small H DH THW. Now if we simplify this equation we get the
value of the H THW is equal to pi AFD multiplied by under root rho A divided by 6 capital H
now from here one can determine the depth of penetration in the throwing model in the work
piece and this value can be substituted in the equation which we initially (())(19:15 19:24

inaudible).
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HAMMERING MODEL

Hammering

F

i
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This value of H THW from equation 3 can be substituted in the equation 1 derived for
evaluation of MRR VTH where VTH is volumetric material removal rate in throwing model
by the throwing model. In the same way H can be derived if the material removal takes place
due to hammering action as follows, this clearly indicates how the hammering model is going
to work and what is happening in the hammering as you can see here also part of the abrasive

is penetrated inside the tool and part of it is penetrated inside the work piece.
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HAMMERING MODEL

AN PO

A\BRASIVE

BOTTOM WOST
POSITION OF TOOL

Fig. 14 (a): Schematic diagram of a grain hammering workpiece

Hammering model
= ITIS ASSUMED THAT THE GRAIN (FIG. 14{a)) IS HAMMERED INTO THE
WORKPIECE

(GAP BETWEEN THE BOTTOM FACE OF THE TOOL & TOP FACE OF THE
WORKPIECE < GRIT SIZE)

« MEAN SPEED OF THE TOOL - LOW
= MEAN STATIC FEED FORCE APPLIED TO THE TOOL (F) = MEAN FORCE OF
TOOL ON THE GRIT -

Now here it indicates the tool the topmost position of the tool where from it starts vibration,
mean position of the tool and bottom most position of the tool and at the bottom most

position of the tool it is hitting the abrasive particles or hammering the abrasive particle. Now



it is assumed that the grain is hammered into work piece as shown in the above figure, it
simply means that the gap between the bottom face of the tool and top face of the work piece

is smaller than the size of the grain that we can see here.
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This is the size of the grain and this is the bottom face of the tool and this is the top face of
the work piece. So tool will hit the abrasive particle only when this gap becomes smaller than
the size of the abrasive particle or the grit size. Mean speed of the tool is quite low, mean
static feed force is applied to the tool and it is expressed as F and this is equal to mean force

of tool on the grit.
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\T = DURATION OF IMPACT
Fi . = MAXIMUM VALUE OF IMPACT FORCE, Fi
FORCE WILL VARY WITH THE DEPTH OF PENETRATION BY

THE GRIT (ExPOSED CONTACT AREA BETWEENM THE GRAIN AND WORKPIECE

AND GRAIN AND TOOL

Fig. 15 (a): Mode of tool vibration assumed

(*T"IS CYCLE TIME)
142

F_ -1 Fiyae
T 0

avg

Delta T is the duration of impact, FI maximum is the maximum value of impact force FI
which is acting on the abrasive particle, force will vary with the depth of penetration by the
grit, exposed contact area between the crane and the work piece are different and grain and
tool is also different, this indicates, the delta T indicates the period during which abrasive is

contact with the tool and work piece both and capital D indicates the cycle time.

This average force in this particular situation can be evaluated with the help of this equation,

F average is equal to 1 upon T integration O to T FI T DT, where T is the cycle time.
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= VARIOUS TOOL POSITIONS DURING A CYCLE

<

Time required =T/4

Top position
Mean position
When tool touches grit
Bottom position - -
Abrasive grit Time required =

Wark

Fig. 15 (b): Various positions of the tool while hitting workpiece via a grit

MONEMENT FROM A B IS DUE TO IMPACT ON THE ABRASIVE
PARTICLE. AS THE TOOL TOUCHES THE ABRASIVE, IT
EXPERIENCES THE RESISTANCE TO MOVE

LET US ASSUME NATURE OF
VARIATION OF FORCE Fi AS
TREANGULAR

Now there are various positions of the tool during a cycle you can see here top position of the
tool which is indicated by C, mean position of the tool is indicated by O, when tool touches
the grit is indicated by A and bottom position of the tool is indicated by B and work piece is
shown over there tool are separately shown there the cycle time is capital T and the time
required for moving from O to B is T by 4 and the time during which abrasive and tool and

work piece are in contact with which each other is delta T.

The movement from A to B is due to impact on the abrasive particle as the tool touches the
abrasive it experiences the resistance to move. Let us assume nature of variation of force FI
as triangular, so you can see here FI maximum is the maximum force which is experienced by
the abrasive particle. FI is the force and delta T as I have mentioned earlier is that period

during which abrasive tool and work piece are in contact.
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«DUE TO THIS FORCE, THE ABRASIVE WILL PARTLY
PENETRATE IN THE TOOL (h,) AND PARTLY IN THE
WORKPIECE (h,,,) .

= TOTAL INDENTATION (h,) IS GIVEN BY THE SUM OF THE
PENETRATION IN THE TOOL AND THE WORKPIECE, AS FOLLOWS

Ry = Ry, + hy

TOOL

WORKPIECE

Fig. Partial penetration of a grit in the tool and work piece

Due to this force, the abrasive will partly penetrate in the tool and the depth of penetration is
H suffix TH and partly in the work piece and it is expressed as H suffix WH where W stands
for work piece, H for hammering model. Total indentation H H during hammering is given by
the sum of the penetration in the tool and the work piece and it can be expressed as H H is
equal to H TH plus H WH, this is very clear from this figure H TH is the penetration depth
inside the tool and H WH is the penetration depth inside the work piece and force F is acting

on the grit particle.
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AVERAGE VELOCITY DURING THE QUARTER CYCLE OB
IS GIVEN BY

(a/i2) / (T/'4) = 2a/T
IF \T BE THE TIME REQUIRED TO TRAVEL FROMATO B

(=h,), THEN
AT = by, /(2a/T)
= (hy, + h,,)T/(2a)
LET F,,, BE THE AVERAGE FORCE ACTING DURING ONE
CYCLE, THEN

_I. U';ﬁ"w.)[}'_

a r.4 ¥ 4

) 4F_a
F = =
(@)

Average velocity during the quarter cycle OB is given by A by 2 divided by T by 4, T by 4 is
the time taken in the quarter cycle and A by 2 is the amplitude and this is given by 2A by T. If



delta T be the time required to travel from A to B that is approximately total penetration depth
H H then delta T is equal to H H that is the total depth of penetration divided by the velocity
that is given by 2A by T.

So we can simplify this H H is equal to H TH plus H WH multiplied by T divided by 2A,
now here let F average be the average force acting during one cycle then F average can be
written as 1 by 2 F I maximum multiplied by H TH plus H WH multiplied by T by 2 into A
and divided by 1 by T.
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Here you can see since there is a triangular force variation that we have assumed so the
average will be the, this is the F maximum and here is the 0. So average will be F maximum
divided by 2 that you can see the first term and H TH plus H WH multiplied by T divided by
A2 that gives you the time delta T during which this force is acting and capital T is the cycle

time so this will give you the average force.

Or you can write it like this FI maximum is equal to 4 F average multiplied by A divided by
H TH plus H WH, now maximum force per grit will be obtained when the total force that is
acting on the tool is divided by total number of particles which are being hit by the tool so let
this be the capital N as the total number of abrasive particles which are being hit by the tool.
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MAX. STRESS DEVELOPED IN THE W/P (o'-) = l'—"'"‘

F,
MAX. STRESS DEVELOPED IN THE TOOL (0, ) = —

SUBSTITUTE THE VALUE OF F_, IN EQ. (A)

¥ e 1
@)=y | Nt
( - -h) man,,
[ASSUMPTION » NUMBER OF GRITS ACTING IS INVERSELY PROPORTIONAL TO THE
SQUARE OF THE DIAMETER FOR A GIVEN AREA OF TOOL FACE]

K, = CONST. OF PROPORTIONALITY

Now what is going to be the maximum stress developed in the work piece because abrasive
particle is in contact with the tool as well as the work piece and depth of penetration in the
tool as well as work piece are different so the area on which the force is acting will also be

different.

So the stress is developed in the tool as well as the work piece will be different, let us find out
the maximum stress developed in the work piece it is given by sigma suffix W is equal to FI
maximum divided by N multiplied by 1 over pi D H WH, the term within the bracket gives

you the area.

Same way you can find out the maximum stress developed in the tool that is sigma T is equal
to FI maximum divided by N within bracket 1 upon pi D H TH, now substitute the value of
FI maximum in above equation A then you get the stress sigma W in the work piece that is 4

F average A divided by H TH plus H WH multiplied by 1 over N pi D H WH.

Assumption here made is as follows, number of grits acting is inversely proportional to the
square of the diameter for a given area of tool face, I have already shown one slide regarding
this and we have already seen then N becomes proportional to 1 by D square and K 2 this

becomes equal to K 2 divided by D square where K 2 is the constant of proportionality.
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 AF_ad [1_]
(h+h)K, \ xh,
4F,_ad

orR. ()

OR (o)= —h,—
KW (1 +0)
T

THIS CAN BE SIMPLIFIED AS

4F, ad

* T oaK,(At])

WHERE. i h,fh':a’w/cr,

STRESS o, CAN BE REPLACED BY BRINNEL HARDNEDD NUMBER
(H). BOTH ARE THE SAME (= o_=H, ). ABOVE EQUATION
CAN NOW BE SIMPLIFIED AS

Or you can write down sigma W is equal to 4 F average A D divided by H T plus H W into
K2 whole of it multiplied by 1 over pi H W, now you can further simplify it and you get it as
H W square is equal to 4 F average A D divided by sigma W pi K 2 within bracket lambda
plus 1.

Where lambda is equal to H T over H W and depth of penetration will be inversely
proportional to the strength of the work piece or the tool, if higher the strength lower will be
the depth of penetration that is why you can see here H T over H W is equal to sigma W over
sigma T. Stress sigma W can be replaced by brinnel hardness number H, both are the same,

sigma W is equal to H W that is the work piece brinnel hardness number.
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yo__ AFad’
" zK,CdH (A+1)

SUBSTITUTE THE VALUE OF h,IN THE EQUATION FOR VOLUMETRIC
MATERIAL REMOVAL RATE TO GET

» 4
MRR, = KK K, o d
2| ZK,CdH (A+1)

Above equation can now be simplified as H W square is equal to 4 F A D square divided by
pt K2 C D HW within bracket lambda plus 1. Substitute the value from HW in the equation
(0)(31:09-31:17 inaudible) equal rate by hammering model comes out to be equal to K, K1,
K2 multiplied by the term given over here 4 F A divided by K2 C D HW within bracket
lambda plus 1 bracket closed whole raise to power 3 by 4 into D raise to power 1 by 4

multiplied by F. I have already mentioned F is the frequency of vibration.

Now from the theoretical, okay let me go back once again, here one point you have to note
that the volumetric material removal rate is proportional to D raise to power 1 by 4 but
practically it is observed something different rather than D raise to power 1 by 4, I will

explain it later on.
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* FROM THE THEORETICAL CALCULATIONS, IT HAS BEEN FOUND

THAT MRR,, FROM THROWING MECHANISM << MRR,_ FROM

HAMMERING MECHANISM. (CAN BE EVEN NEGLECTED)

* DISCREPANCY IS OBSERVED BETWEEN EXPERIMENTAL &

THEORETICAL RESULTS. IT HAS BEEN EXPLAINED BY

SHAW AS FOLLOWS

From the theoretical calculations it has been found that material removal rate in throwing
model from throwing mechanism is much much smaller than MRR VHM that is the
volumetric material removal rate from hammering model and it is many times so small

compared to hammering model that it can be neglected.

The discrepancy is observed between experimental and theoretical result, theoretical results
calculated by Shaw’s model, lot of discrepancy has observed with the experimental results

then later on Professor Shaw tried to explain them, the discrepancy as follows.
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- ACTUAL SHAPE OF THE GRAIN & NOT SPHERICAL & SMOOTH

- THEY HAVE PROJECTIONS OF AVERAGE DIA. d1, AND
d] e dl (d? = NORMINAL DIA. OF GRAIN)
OR, d] <d'
BUT,

1
MRR, < d*

(EQU. FOR HAMMERING MECH.)

MRR, < (d‘)l
acd

- AS '‘F INCREASSES, MRR, ALSO INCREASES. IN
PRACTICE, BEYOND A CERTAIN VALUE OF ‘F IT STARTS
DECREASING BECAUSE ABRASIVE GRIT GETS CRUSHED
UNDER HEAVY LOAD

What he considers that actual shape of the grain is not spherical and they are not smooth also
now [ had mentioned this particular point earlier also and they have projections of average
diameter and he assumed that it is equal to D1 and D1 is proportional to D square or DI

square is proportional to D raise to power 4.

But MRR V is proportional to D raise to power 1 by 4, so if we substitute there the value of
this in the hammering model then we get D raise to power 4 whole raise to power 1 by 4 you
get proportional to D and experimentally it is observed that volumetric material removal rate

is proportional to D.

As F increases MRR V also increases, in practice we want a certain value of F it starts
decreasing because of abrasive grit gets crushed under heavy load as F increases MRR V also
increases, in practice we want a certain value of F that is the force it starts decreasing because

abrasive grit gets crushed under heavy load.
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SOLVED NUMERICAL PROBLEM

**Q.1 : Find out the approximate time required to machine a haole
of diameter equal to 6.0 mm in a tungsten carbide plate{fracture
hardness =6900 MPa) of thickness equal to one and half times of
hole diameter. The mean abrasive grain size is 0.015 mm
(diameter). The feed force is equal to 3.5 N. The amplitude of tool
oscillation is 25 micron and the frequency is equal to 25 kHz. The
tool material used is copper having fracture hardness equal to

1.5X1000 N/mm? The slurry contains one part abrasive to one
part of water. Take the values of different constant as K,=0.3,
K,=1.8mm?, K,=0.6, and abrasive density=3.8 g/cm’. Also calculate
the ratio of the volume removed by throwing mechanism to the
volume remaoved by hammering mechanism.

Now let us take one example to understand how the forces etc. can be calculated, find out the
approximate time required to machine a hole of diameter equal to 6 millimeter in a tungsten
carbide plate whose fracture hardness is equal to 6900 mega pascal and it is of thickness
equal to 1 and half times of hole diameter the mean abrasive grain size is 0.015 millimeter,
the feed force is equal to 3.5 newton the amplitude of tool oscillation is 25 micron and the
frequency is equal to 25 kilo hertz, the tool material used is copper having fracture hardness
equal to 1.5 into 1000 newton per millimeter square. The slurry contains one part abrasive to
one part of water, take the values of different constants as K1 is equal to 0.3, K2 is equal to
1.8 millimeter square, K3 is equal to 0.6 and abrasive density equal to 2.8 gram per cubic
centimeter, also calculate the ratio of the volume removed by throwing mechanism to the

volume removed by hammering mechanism.
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Solution:
Following data are given:

Hole diam.=6X10"m,
plate thickness =1.5Xhole diam. =9X10°m,

mean abrasive grain size(d) =1.5X10°m,

feed force(F)=3.5N,

amplitude of tool oscillation(a/2)=25x10*m,

frequency of oscillation(f)=25000cps,

fracture hardness of work-piece material,

o, =H_=6.9X10°N/m?, fracture hardness of tool material
(Ht)=1.5X109N/m?,

abrasive grain density(pa)=3.8X103kg/m’,

A =H_/H.=4.6,

K1=0.3, K2=1.8 mm?=1.8X106m?, K3=0.6, c=1.

This problem has been taken from the book Advanced Machining Processes published by
Allied Publishers, this problem, to solve this particular problem or before solving this
particular problem let us see what are the available data, hole diameter is equal to 6 into 10
raise to power minus 3 meter all the data that are given have been converted in meter so that
is why you can see here plate thickness is equal to 1.5 into hole diameter that comes out to be

9 into 10 raise to power minus 3 meter.

Mean abrasive grain size it should be grit not the grain, mean abrasive grit size is equal to 1.5
into 10 raise to power minus 5 meter, feed force is equal to 3.5 newton, amplitude of tool
oscillation is given by 25 into 10 raise to power minus 6 meter and frequency of oscillation is
25000 cycles per second, fracture hardness of work piece material that is sigma W is equal to

HW is equal to 6.9 into 10 raise to power 9 newton per meter square.

Fracture hardness of tool material that is H T is equal to 1.5 into 10 raise to power 9 not 109
this 1s 10 raise to power 9 newton per meter square and abrasive grain density rho A is equal
to 3.8 into 10 raise to power 3 KG per meter cube. So the value of the lambda can be written
as lambda is equal to HW divided by HT that is equal to 4.6, K1 is equal to 0.3, K2 is equal
to 1.8 millimeter square and that come out to be 1.8 into 10 raise to power minus 6 meter

square and K3 is equal to 0.6 and C is equal to 1. Here C is nothing but the concentration.
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The following procedure should be adopted to

solve the given problem:
What is the time required to machine the hole?

We know that the volume (V)of material removed
using USM can be calculated using the following

relationship

ht
¥V =KIK1K‘ 7!‘

The following procedure should be adopted to solve the problem, first we should try to find

out what is time required to machine the hole, we know that the volume of material removed
using ultrasonic machining can be calculated using the following relationship that is V is

equal to K1 K2 K3 under the root H raise to power 3 divided by D into F.
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Step 1.

Caiculate the value of “h” which is different for throwing model
(hy,) and for hammering model (h,_) -

Step 2.

After knowing the values of h,, and h_ . calculate V,, and V_,__
by substituting these values in above Eq. (1). Find total volume of
material removed per unit time (V,) by adding V,, and V.

Step 3.

Calculate the total amount of material to be removed to make the

required hole. Divide it by V, to find the total time required to make
the hole.

Step 4.

Find the ratioofh,, h,

[

First step to be followed in the solution of this problem is calculate the value of H which is
different for throwing model that is H TH and for hammering model that is the H WHM. Step
two, after knowing the values of H TH and H WHM, calculate V TH that is the volumetric
material removal by throwing model and volumetric material removal by hammering model

from the work piece by substituting these values in above equation 1.



Then find the total volume of material removed per unit time by adding V TH and V WHM,
in the third step calculate the total amount of material to be removed to make the required
hole divide this volume by VS that has been calculated in the earlier step two to find the total
time required to make the hole. In step four, find the ratio of H TH divided by H WHM.
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Following the above steps, all calculations are made as follows.

13

In Eqg. (1), except “h” all other parameters are known.
Let us calculate h, as

h, = zrafd /—p————
6o,

| 38x10°
=2x(50x 10*)x 25 x 10) x(1.5x 10°) | =%
T A e e ]Voxm5x1W)

h, =178 x 10° mm

Penetration b, in the workpiece due to hammering is given as

Following the above steps all calculations are made as followed, in step one, in equation 1
except H, all other parameters are known, let us calculate the value of H TH by throwing
model and the equation is given as follows now let us substitute the value of pi AF D rho A

and sigma W as follows and we get H TH equal to 1.78 into 10 raise to power minus 5

millimeter.
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4F _ ad

avg

K,o (A+1)

. J4x3.51(2x25x 10°) x (1.5 x 10°)

7 x(18x10°) x (6.9 x 10°)(1 + 4.6)
k. _=2192x 10" mm

Step 2.

Now., volume removed by throwing (V' ) mechanism is given as

So penetration H WHM in the work piece due to hammering is given by the following
equation that is H WHM 1is equal to 4 F average A D divided by pi K2 sigma W multiplied by
within bracket lambda plus 1 bracket closed, whole under root, substitute the values which
we have already given in the earlier slides and we get H WHM equal to 2.192 multiply by 10

raise to power minus 4 millimeter.

Now volume removed by throwing mechanism is given as follows, this particular equation is

to be used for the throwing model that we have already derived.
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| -5 43
P R PPN . ot

\IW x275x 104
-t

¥V, =497x10° mm’/s

Volume removed by hammering is given by

kj
=K. £
o d

[(2.192 x 10
1.5x 107

V,=02146 mm’/s

=03x18x06 x25x 10

And if we substitute the value of various parameters we get that the volume of material
removed by throwing model equal to 4.97 into 10 raise to power minus 3 cubic millimeter per

second.

Now volume removed by hammering model can also be found in the same way, this is the
equation which we have already derived, substitute the values of various parameters and
constants then we get volume of material removed by hammering model is equal to 0.2146
cubic millimeter per second which is much higher than what we get the volume of material

removed by throwing model.
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Step 3.

Time ired to drill a hole = Volume of the hole to be dniled

Volumetric MRR (=V,__+V,)

_ (M 4)x6"x9
021987

19.289 min

_ 0.00497
V. 02146
0.023

Ratio, —=-

Thus, it is evident that the material removed by hammering is
much more than by throwing (approximately 43 times). Hence, for
approximate caiculations, V,, can be ignored as compared to 'V,

So what is the time required to drill a hole as I have mentioned earlier that volume of the hole
to be drilled divided by the volumetric material removal rate by both the models, hammering
model as well as throwing model that will give you the time required for drilling the hole and

this is as you can see values have been substituted here and you get 19.289 minute.

We can also find out the ratio of V TH and V WHM and by substituting these values of V TH
and V WHM, we get the ratio as 0.023. Thus from this value of 0.023 it is evident that the
material removed by hammering is much more than by throwing approximately 43 times.
Henceforth approximate calculations and for all practical purposes volume removed by
throwing model can be ignored as compared to the volume of material removed by

hammering model.
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Questions Bank for USM (Contd._.}

(.6 What are the different elements and process parameters of USM?

Q.7 What is the grain size in micron if the sieve (mesh no.| is 500?

Q.8 What are the considerations for the selection of tool material for USM?

(.9 What is the effect of gnit size on the performance of USM process in terms of MRR?
Q.10 If the amplitude of wbration s 025 mm, abrasive grain size = 300 micrometer, abrasive
density =4.5 g/om* and work material hardness = 4,000 MPa. Find the following for the
frequency of wbration = 120 kHz

{a) K.E. of the impacting particle, (b) depth of indentation assuming the throwing model, (c)
Average work done, (d) Tool matenal is copper having fracture hardness equal to 1500 N/mm*
If the probability that the grit under the tool is active, is 65% and the value of K1=0.7, K2=1.2
Find out MRR

Q.11 Determine the ratio of material removal rate in hammering and throwing model. What
conclusion would you make from this ratio?

(. 12 Differentiate between megnetostriction and piezoelectric type of the transducer.

This way you can make the calculations for various types of the problems given in the
examination or in the practical lie, I have tried to give a question bank also and these
problems you can solve at your convenience I have given various problems over as you can
see and for solving these problems this you can take the help of both these lectures as well as
you can take the help of the book which I have already mentioned to you. Thank you very

much.



