WO peqEipiR I® Py

'
o
™

e g

iy ————
P
F

Lt ey 4

‘.

. BLET 07 IqEmdag .
Bunop wdeg [enowy o v possrosip par pajussast pue ‘8L6T
v ‘[eSueiem ‘afejoy SuueauiSug (puorSay yum are pout

.n«gggaﬁamgagé
ANUEA ¥ d 3 pue Appey ‘geupreqer y |

“1
LY

13 SO S[pridow 13yjo sof pasn 3q up> 2inpasosd Y] ‘paun1qo u3aq svy uos 1svr

40f sanjp. pasiunido yong Pourn1qo aq pino uoismdcad fras 3 :

) YUK uoLIPuos v 1oy; Yons aumpacord Y1 aping 511y ino-fo-yidap jo1uatod-
-051 fo 135

- MU D ‘u

uo41 1522 Jfo Suuryovws ‘suoyvoyddo s Jo 1mQ j00; uizpows nfiamod p

IT 2dAL yia Supuigoepy w Sup

P16°129 oan

.

’

qUIS YIIM 204 [DAOUME [DIFW WXV

051 puv Ajinbyqo-ost ‘ayvi

'
PaSIAp uaaq soy Sunias jooy ay; fo douvsiundo wanffa 10f 2unpasoud ypruswriadxa-guas
ouDuaULIadx s Ayi8us) puv anissaoxs p1o4p 0 'sjooi I add} yum pauisifuod uaaq osp soy Sy
213180 d424 51 2dA) SIY3 40f uS1sap j0oy oy smoys 51003 | 2dA3 ué 24M1D43}1Y] 431407 "KYra0mMa10u UIIq SDY

1

§1 1001 Aupjos payadoud fras ay

18quisw-uoN 'POUIANUBA N d 40
1equisw-uon '‘Kppey ueypieuep v |

: Moo L A1e10y
J°S 100 Jo uogesiundo

ik



INTRODUCTION

‘A rotary tool is a cutting tool whose cutting edge has
‘a translatory motion along itself such that a fresh por-
tion of the edge continuously passes through the cutting
zone. This motion is in addition to the usual motions of
cutting speed and feed relative to the workpiece.

Mobes oF CUTTING

The cutting edge motion may be given from an exter-
nal source leading to a driven rotary tool (DRT).
Alternatively, the tool may be held in a spindle, freely
floating in béarings, with its axis inclined to the work-
piece such that the tool rolls freely with the workpiece.
This is a self propelled rotary tool (SPRT). There are
two versions of mounting the tool. In type I, the orien-
tation is such as to make the tool-end face as the rake
face. In type II, the peripheral surface is the rake sur-
“face (Fig 1). The scope of type [ tool is limited due to
space restrictions on the tool spindle design. Type Il
tool has no such limitation and is therefore more
practical. Angle i of rotation of the tool axis in the
cutting plane, parallel to the plane including the cutting
speed and feed vectors, decides the geometry of type |
tool (Fig la). In case of type II tool, there are setting
angles 6y and 6, deciding the geometry of the tool.
The tool may be fed in either direction leading to normal
and reverse feeds. In normal feed, the rake surface
faces the unmachined surface whereas in reverse. feed,
it faces the unmachined surface of the workpiece.

ADVANTAGES AND DISADVANTAGES

The great advantage! of the rotary cutting tool is
that it can be made to have a tool life hundreds of times
of that of a conventional stationary tool (CST) 2.
because the wear is evenly distributed on the long cutting
edge. Thus, with a 50 mm diameter tool and 5 mm
width of cut, nearly 30 times improvement in tool life
is observed due to this reason. Also, for a self propelled
tool, the rubbing velocity between the tool flank and
the workpiece is reduced due to the rolling action.

Zemlyansky® has estimated that the improvement in

tool life is given by _
Test

—;—+ cosiqTFt M

where Tsprr and Tcsr are the tool lives of the SPRT

and the CST, respectively, r the tool radius, s the feed,
t the depth of cut and i the setting angle of the type I
tool. -

An improvement in tool life upto 30 times can B&™ -

~seen from the above equation. Venuvinod* has shown

that at higher speeds and feeds SPRT can lead upto.

500°C reduction in cutting temperatures. Iyer and
Koenigsberger® have shown that due to this reduction
in temperature, there could be further improvement in
tool life by 25 times. The reasons so far given account
already for a several hundred-fold increase in tool life,
Thus, a high speed steel SPRT can cut at speeds that
only a carbide CST can cut. In addition, there are other
beneficial effects due to the better coolant access, oxide
layer replenishment, etc. The tool can also be expected

. 1o give good surface finish due to the large nose radius.

Eskelin®, while milling titanium alloys has obtained
rms values of surface roughness as low as 30 micro-

inches. The cutting speeds could be raised from 130 to
580 fpm. :

SPRT has also been used to replace slideway grin- -

ding”.

——
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A traditional and valid argument against the rotary

tool is that
ever, based

it can machine only simple surfaces. How-
on a report on the'utilization of machine

tools in over hundred engineering industries in UK, it .
has been shown 1, 11, that upto 30% of volume of
metal machined which could be machined conveniently
by rotary tools. The application of the SPRT for heat
‘resistant alloys is indisputable. The choice between

SPRT and

the CST, however, on conventional mate-

rials depends on the particular situation.

SPRT may be applied for boring the cast iron casings
of electric motors and generators which have simple

surfaces. A
information

survey of literature shows that very little
is available on rotary machining of cast

iron. Whatever is available is on the use of type I tools.
Since type 11 tools appear to be poised to replace the
type 1 tools, and due to the fact that in boring opera-
tions, type II tools are preferred in view of the limited
space, it was thought worthwhile to study rotary machi-

ning of cast

iron.

GEOMETRY OF TYPE II TOOLS

A complete geometrical analysis of type II toﬁls is

available in
vant to the

literature!® only those relationships rele-
present problem are discussed here.

The geometric analysis of rotary tools requires
tedious iterative procedures if the workpiece curvature
is small. However, in boring. operations the work dia-

meter is mu
assumption
to significan

ch larger than the tool diameter so that an
that the work surface is plane does not lead
t error.

A parameter wp is used to specify any point on the
cutting edge circle, and the angle subtended at the
centre of the cutting edge circle by the portion of the
cutting edge lying between point P and the point with

.maximum coordinate in the direction of the cutting

speed. The

tool axis is set at angles 6y and 6, as

shown in Fig 1(b). For convenience, in the following,
all length parameters are made dimensionless by dividing
by the radius r of the cutting edge circle.

Fig 2 shows the nature of contact between the cutting
‘edge and the workpiece. The point of deepest pene-
tration is F. Points T and S indicate the limits of the
contact length. Arcs TS, TF and FS subtend angles e,

¢, and e, at
are measure

the centre of the cutting edge circle and
d in the plane of the circle. Thus, while e is

the total contact -angle, ¢ and e, are its components
due to the depth of cut and feed, respectively. Then,

tan 6y -

. tan wp = sin GV (2)

tan i = S0 6)

= —



YaF = Yaf + Yus NG

The depth of cut rp' at any point P on the cutting
edge is given by the expression ' '

t : . % :
= -;-'=sm8" (sin ey — sin wg) + sin 6y cos By

(c0s o —cos wp) (6)

In the case of normal feed, the depth of cut is maxi-
mum- at poiat. . where ep reaches its maximum value.
At this point, the angle of obliquity of the cutting edge
is also the maximum. For proper chip formation, this
obliquity should not exceed a critical value. Based on
these considerations, the maximum practicable value of
wp is 85°. Substituting this value in equation (6), maxi-
mum potential value of depth of cut (7,.) at any
setting can be obtained.

Parameters if, o a0d yue' PlAy important role in
deciding the optimum setting of the tool. Fig 3, pre-

p_ared keeping this in view, contains several sets of
lines, viz,

iso-obliquity lines : each of these lines gives ‘thé
combination of 6y and 68y which
keeps IF _(nominal inclination)

o at a specified value and are
obtained using equation (3)

150~ pput lines cach of these lines ‘maintains
Tt At a constant cvalue and
are obtained using equation (6)

with wp = 85° ;

iso-rake lines : "these maintain the rake angle
" yai at a constant value and are
obtained using equation (4).

The expressions for or and wg, parametric angles at
points T and S respectively, in terms of setting angles
6, and 6, depth of cut ; and feed s, are available 1n
“fiterature’’, The contact angles are then obtained from

¢ = @y — @y
¢, = @y — W5
c-mr=m5¢}+¢.

It may be noted that for normal feed, wr > @ > by,
whereas for reverse feed, oy < ©F < g '



ROTATIONAL EFFICIENCY

The main advantage of the self propelled rotary tool
compared to the driven rotary tool is that it does not
_need an external drive. For stability of the cutting pro-
cess, the rotary speed ¥, of the cutting edge along itself
must be stable and constant. Working on a type I tool,
Zemlyansky® identified the following zones.

i < iy, no self propulsion ;

i = iy to iz, unstable self propulsion ;

i = i to iy, stable self propulsion ; and
i > iy improper chip formation.

The critical values f,, iy and iy depend on the work
material as illustrated in Table 1. '

Fig 4(a) illustrates the nature of velocity relationships
in the cutting and the rake planes. Angle /nm is the
nominal inclination angle, V,, is the rubbing velocity
vector between the cutting edge and the work surface.
Similarly, V. is the chip velocity whereas V. is the rub-
bing velocity between the chip and the tool rake surface.
For pure rolling between the tool and the workpiece,

V, =V, Sifl ism )

Fig 4(b) shows the variation of the various velocity
parameters with the nominal inclination angle.

The rotary speed of self propulsion ¥, can be deter-
mined by considering the rotational equilibrium of the
tool. The angle of inclination i, at any point on the
cutting edge varies along the edge (Fig 2). Thus, there
can be pure rolling only at one point, say V, on the
cutting edge. On either side of point V, along VT and

VS, the slip between toe cutting cdge and the workpiece, -
in the direction of the edge, is in opposite directions.
Therefore, the net moment —7 due to work-tool rub-
bing is the difference between the friction moments
contributed by arcs VT and VS. The other moments
acting on the tool are 7 due to the forces on the rake
surface, T  due to friction in the bearings of the set up
and T due to thrust component of the cutting force not
psssing through the cutting edge centre. The condition
of self propulsion is given by,

ET=AT;+T,+T.+7T,=0 (11)

T, T. and T, are difficult to determine in practice.
Konovalov and Gik® and Zemlyansky*® have worked
on the above lines and have should that when T, = T,
=T, = 0, the nominal inclination angle i,, may be
taken as equal to 7 for type I tool and as ir for type 11—

~ tool. In practice, ‘however, the tool velocity would be
lower than V, sin 4 due to the effect of 7, T,. and T,.
A term rotational efficiency can, therefore, be ‘defined
such that

_ Vi(actua) _ Vysin/l, sin iy 12
P ol Yy wnig sy - 0D
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on at poin ;

where iy 18 the angle of 1nC inatt

rolling in Fig 2 and can be obtained from thé measured
rotary speed using the equation

jy = arc sin Y, (measure (me:}sured) (13)

increase in wr whereas an increase in feed leads. to a

.. decrease in wg. In the case of reverse feeds the effects are

of opposite mature. Consequently, in the case of normal
feed, a higher depth of cut leads to a better rotational
efficiency while higher feeds lowers it. The condition
oy = 85°, given by the is0-f, lines in Fig 3, puts an
upper limit on the improvement in’ N, obtainable by
increasing the depth of cut. It can therefore be conolu-
ded that the obtainable metal removal rate with a SPRT
is mainly constrained by rotational efficiency.

A higher rotational efficiency 7, i8 desirable since it
leads to a higher V, that leads to a lower rubbing velo-
city ¥, which in turn improves the tool life. Fig 5 shows

the observed variation of -I:}" with setting angle i of a

type 1 tool for various work materials9. The broken

line indicates the ideal variation ;‘-" —=—1) Itis
; . sini

seen that cast iron leads to a poorer rotational efficiency

and that it has a narrow range (i -i)of self propulsion.

METAL REMOVAL RATE

The metal removal rate is given by the product of the
cutting speed V,, depth of cut 7 and seed 5. In the case
of a SPRT the depth of cut f and feed s are restricted
by the fact that as their magnitudes are increased, oon-
tact angles ¢ and € also increase. This-results in an
increase in the net flank friction moment A Ty, so that,
the rotational efficiency 7, i impaired. This problem is

~ more serious with depth of cut than with feed since it is

found that the rate of increase of € with the depth of
cut is higher than that with the feed. At present, there
is no theory available that can uniquely relate , 3 and
%, This aspect can therefore be studied only experi-

~mentally in each situation. It appears that this relation-

ship depends strongly on the work material. Indeed, the
poor rptatmnal efficiency observed with cast iron 1o °
Fig Sis a, manifestation of this effeot.



THE OPTIMISATION PROBLEM

The problem is to select the setting angles Oy and

such that the metal removal rate (¢ §) is maximt
subject to_the constraint of adequate _rot:_a.tmnal effi--
ciency m,- 1he quantitative and the qualitative relation-
ships between the various parameters have been dis-
cussed in fhe literature. In particular, 1t 18 noted that

(i) 8y and. g, .influence Mo mainly thorough i
and e as giveh by equations ) to (11) and
Fig 3, 4 :

(it) the relationship between 1, and e (therefore

- gy and Oy) cannot be determined analy-

tically, e, essentially, an experimental
approach is needed ;

(ii) the rotational efficiency m, in normal feed can be
improved by increasing the potentlal-dcpth of
cut, ie, by moving to a higher fpo line in

Fig 3. But this involves moving to 2 lower °
. iso-obliquity line which decreases the rota-

' ' tional efficiency+; .thus, there exists an opti-

misation problem ; :

(iv) a study of cast iron is of importance, inview of
its (a) poor rotational efficiency, (b) small .
. _ range of self propulsion and (c) economic
importance.

EXPERIMENTS

The experiments were done by mounting 2 35 mm
diameter’ type 11 tool on the vertical spindle of HMT
mark M2P milling machine. The tool material was

. HSS. The tool spindle drive gear was removed so that
the spindle rotated freely. Cast iron workpieces of size
70% 70> 100 mm were clamped on a milling vice. Vy
was obtained by the table longitudinal feed and was

~ kept constant at 190 mm/min. The transverse motion of
the table provided the feed in the experiments. The

_ depth of cut was noted by mounting a dial gauge on the

\ knee which could be moved vertically. 0y and 6, were
set by tilting the vertical head by the two angles. A
calibrated dial mounted on the tool spindle helped
determine the tool rotation and thereby the values of
v, iy and m, The vice holding the workpiece was
mounted on a strain gauge type two component milling
dynamometer so that the cutting force P, and the thrust
force P, could be monitored. The feed forcé P, was
measured by turning the dynamometer by 90°. Fig 6
shows the force results. Co :

One of the new observations in the experin'aents was
the rotational efficiency n, could be improved not only
. by increasing ir (as is well known) but also by increasing
the rake angle, ie, by moving on to a iso-v, line closer

: to the origin in Fig 3. ; .



EXPERIMENTAL PROCEDURE FOR
OPTIMISATION

Fig 7 illustrates the logic flow chart that has been
uséd to arrive at the values of 8y and 6, that maximise
(i 3) without undue loss in m,. Minor variations in the
flow chart are, however, possible provided they are

consistent with the following principles.

(i) The metal removal rate (I §) can be improved by
moving to a higher iso- line. This may be done by
moving along an i80-ip e or along an iso-v.s’ line.
The latter is less desirable since it leads to an undue
fall in ip and therefore in 7, '

(ii) The rotational efficiency can be improved either
by moving along an iso-if line to a higher iso-v,e" line
or along an iso-v,s’ line to a higher iso-i¢ line. The
latter method is used when ¥, is unstable or 7, is too
poor. The former method is used when the rotation is
stable but v, is desired to be improved without loss in
metal removal rate. ' 2

The path followed in the case study on cast iron is
charted in Fig 3. Thexfirst setting (point 1) may be selec-
ted arbitrarily since with the suggested logic the opti-
mum setting does not depend on the initial trial setting.
However, an analysis of the geometry of type 11 tools
and the relevant literature ndicates that 6y in the
range of 20-25° and if in the range of 40-50° provides a
good starting point. At each setting, a number of {
(less than f,,) and s-combinations are. tried and », 18
monitored. The logic flow chart (Fig 7) is used to decide
the next setting rationally. The table in Fig 3 shows the
values of the best combination of #, s and 7, at some

“key settings. In this case setting 10 is found to be the’
optimum with the highest values of m, and i3 The
optimum conditions for cast iron are thus found to be
BH = 120, ﬂy;lou, I'F = 50° and. V..F' = —16°. However,
i v is varied, the optimum values would change.
Sim'i'farly, if the tool diameter is increased, the relative
effect of bearing drag would diminish and it should be
possible to achieve a higher values of (f 5). The optimum
values of setting determined above is relevant only to
the given tool and the machine. However, 2 sa_mliar_
procedure may be followed to determine the optimum
setting in any other situation. g

CONCLUSION



The logic flow chart shown in Fig 7 combined with
the sets of, iso-obliquity, iso-rake and is0-f,y lines in
Fig 3 provide an efficient procedure for dt_:termi_ninglthe
optimum setting of a type II tool in a given situation.
Following such a procedure, a case study on machining
cast iron has been described. A new observation that an
increase in rake angle leads to a higher rotational effi-
ciency has been made.
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TABLE | EFFECT OF WORK MATERIAL ON
KINEMATICS OF SELF QROPULSION
(NORMAL AND REVERSE FEEDS TYPE I TOOL)

Wo;u: MATERIAL ~ NORMAL REVERSE NORMAL
FEED FEED FEED
iy, deg iy, deg iy, deg

Copper 17 22 65

Pure Zinc 22 — - 60

Brass 27 — 75

El 654 : 35 — 75

EI 437 A 35 . - 75

Zinc with impurities 35 - 75

Steel 30 42 55 80

BT 6 _ 62 70 80




