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ABSTRACT _

A non-circular boring attachment has been developed.
It consists of a hydraulic power system in the form known as
TKBIO Copying Unit various individual templates, and a chain
drive power transmission system. Power is tapped from the lathe
spindle using a-friction clutch , to drive the template to
actuate the hydraulic power system and consequently the boring
tool. The attachment has been tested and different shapes of
non-circular bores of uniform cross section have been produced.

Surface finish of the produced bores, tool vibrations and
cutting forces while machining with the attachment have been
measured, presented and analysed. The surface finish of the
produced bores compare favourably to the general practical values
obtained from boring operations. Tool vibrations while
machining with the attachment are generally higher at the start of
non-circular boring than at full-shape profile rnachining. In all
instances vertical vibrations of the tool increase with increase
in spindle speed or depth of cut or feed rate. The cutting forces
and the computed machining power are generally similar to what is
obtained during conventional cylindrical boring on the lathe.

The experiments have proved that the attachment can be
used to effectively produce good quality non-circular bores on

the lathe at spindle speeds up to 180 rev/min.
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CHAFTER ONE

INTRODUCTION AND OBJECTIVES

Introductions

Machining is one of the fast, economical and
ef ficient processes of manufacturing, Its prime
function is to change shape, produce #00d surface
finish and obtain dimensional accuracy, This cannot
be achieved without the use of power operated machine
tools equipped to hold the workpiece and cutting tool
in proper relationship during cutting operations,
Different classes of machine tools include; lathes, milling,
reaming, boring, drilling, threading, screw and
polishing machines; each of which is subdivided into
many types, Machine tools form the basis of industrial-
ization and have contributed immensely to economic
develomment world wide [ 1, 2 ].

Certain machining processes/operations cannot
be easily performed on the ordinary machine tools in
small production workshops. Some of these machining
processes/operations fall under the heading of non-
cylindrical machining. Non-cylindrical machining is
a machining process in which there is variation in two
axes of the cutting action within the same tool feed
per revolution of the workpiece as there is mutual
movement of the cutting tool and workpiece around and
on one another, The end products of which are non-circular

ingewtour or section 3,4, Examples of non-cylindrical shapes



and forms that can be produced with difficulty or in a limited number of

L]

ways on the ordinary machine tools are- components or forms of:
elliptical, hexagonal, oval, radii-formed, and square cross-sections.
Because, components or forms of non-circular cross-sections are
desirable enginééring features, skilled manual machining- and other
processes of manufacturing such as: casting, forging, stamping, extrusion,
rolling, pogder metallurgy, die forming, and other similar manufacturing
processes are exploited to produce them. In scme instances such as in
small production worksheps, either the manufacturing process is slow or the
cost of production is high or beth compared to machining. However,
machining,which is essentially a shaping operation, could produce better

surface finish, and give closer dimensional tolerances that most of
these manufacturing processes[1,57 . B

Numer ical control machine tools have been developed and
can be used to produce complex shapes or forms much faster and
more economically [6, 7 ]. However such machine tools are not

affordable by most industries and workshops in develeoping countries

mainly because of the following reasons:

(i) the capital cost for buying a numerical

control machine tool is high; and

(ii) there is a loss in machine flexibility,

if a tape or the control malfunctions,

(iii) maintenance cost is increased owing to

the sophistication of the control system,
On the other hand the copy systemsof machining which
find applications on practically every type of machine tool,
depending on the number of axes being controlled have been built into
specially designed machines and can be developed on others for

particular machining processes [ “ ]. '



Of all the machine tools the lathe is the oldest and
commonest [ 2, 8 ]. There are various types of lathes
with most diversifioed uses. All lathes have & similar
principle of machining workpieces but differ in terms of atrength,
operational speeds, size, construction, _d_em:'ea of autdmation,
processing capacity, control, rigidity, supports, accuracy and
mechanism of tool contrel, The probability of finding a lathe in
any woerkshop is higher than that of any other type of machine tool.
Apart f;:om its unique function as a turning machine for the
production of cylindrical and some symmetrical componentsg the
lathe can be used to perform machining operations that can be done
on most of its sister machine tools. Some of the operations performed
on the lathe includes drilling; ‘boring, milling, threading, gear cutting,
reaming, polishing, grinding, and even non machining operations
such as spinning.

A bored hole 1is one of the common engineering features of
important applications in everyday engineering use,
conventiocnal cylindrical boring can be accomplished on various
boring machines and lathes. One of the difficult machining processes
in most small production worksheps is the production of non-circular
bores of desired sizes, shapes, and surface finish on common
lathes and boring machines. In such workshops, production of
non-circular bores can be time consuming and expensive, requiring
skilled manual machining- to be used in conjunction with -some
conventional machining processes,

Non-circular bores can find applications as: Special
Cavities *to be used in some mamufactur ing processes 1like moulding
for casting, powder metallurgy, - ext'rusion, and forging,

Non-circular bores can also be used to provide fittings for

engineer ing components of non-circular cross section and some

-



other applications.

-e—» ADJUSTMENT
- — o FEED

SPINDLE SPEED
HEADSTOCK m

SPINDLE REVOLVES

TOOL POST
CARRIAGE (SADDLE)

CROSS-SLIDE
SPINDLE DOES NOT REVOLVE

TAILSTOCK

FEED CHANGE
GEAR BOX

COMPOUND REST
AND SLIDE (SWIVELS)

APRON
(ON CARRIAGE)

BED

Fig. 1.1 A diagram of the principal parts
and movements of a lathe.

In cylindrical boring on the lathe the workpiece is held
and rotated in the chuck while the boring tool is held without
rotation on the tool post and provides longitudinal infeeds,

Figure 1.1 above shows the principal parts and movements of the
lathe.

The manner in which non-cylindrical machining differs from
the conventional cylindrical machining can be explained in terms
of the nature of relative control between the cutting tool and the
workpiece., To produce bores of non-circular shape on the lathe,
technology demands that the boring tool be actuated in a programmed

and co-ordinated fashion relative to the workpiece which is held



and rotated conventionally in the chuck [ 3, 75 9 ]. This
necessitates a review of the mechanisms for the necessary
automatic control between the bLoring tool and the workpiece. One
versatile and economical method of achieving the desired and
necessary boring tool actuation is through the copy system of
machining [ 3, 10 ].

Copy machining has been effectively used on the lathe for
work which has complex profile consisting of many changes in form
or non-circular curves such as multed iameter cylinders and cams
by turning operation [ 7 ]. Under the copy system of machining
the required work shapes are produced as a result of movements of
the tool and/or work which are dependent on the passage of a
stylus or tracer over the contour of a pattern or template which
is the same shape as the work and which has to be rotated at an
appropriate speed,

The characteristic features of the lathe such as: through-going
hollow spindle, cross and longitudinal motion of its slides can
be applied to dewedop a non-circular boring attachment to produce
non-circular bores faster and economically on the ordinary lathes.

A study of any machining process, method and operation would
be incomplete without consideration of such factor§as: surface
finish, cutting forces and machining power, and vibrations, This
work has noted the necessity of analysis and measurement of these
factorgdue to the following reasons [ 1, 11, 12, 13 ];

(i) in metal cutting operations, economy demands
that just enough power and cutting forces, be
produced to cut metals, Excess power and cutting
forces for particular machining operations
increase the cost of machining due to the extra
cost of the unutilized power and forces. Effective

power and forces required to cut metals vary for



different machining operations on the same machine tool.

(ii) Vibrations_ in metal cutting operations are harmful to
tool life, cause general machine deterioration, and
affect the quality of a machined surface, Ball these

bad effects of metal cutting vibrations increase the
cost of machining; polishing, lapping, burnishing may be used

(ii1) a machined part with surface finish rougher than is

needed to satisefy functional requirement increases the
cost of production because additional operations which
include: grinding, polishing, lapping, burnishing may be used
reguired to produce the desired surface finish, hence
the cost of production incredses. i
' There are practically obtained surface finish ranges
from dlfferent machining processes and different applications
demand particular surface finishes from produced parts.
1.2 OBJECTIVES:
The prime cbjectives of this work are as folloﬁsﬁ | ﬁ
(i) to develop a non—circular boring attachment
to be used on the centre lathe in =mall
1 and medinm workshops;

(ii} to test its performance by studying
experimentally the effect of depth of cut,
feed rate and spirdle speed on the cutting

.+ Tforces and consequently the machining power
and specific cutting energy while using the
developed attachment; and

{iii) finally to study experimentally and
analyticaliy the vertical vibrations of thé

boring tool as they affect the surface

finish of the produced bores at various

cutting conditions while using the attachment.



CHAPTER THWO

INTROQDUGTION TO SFRUQ-CONTROL OF MACHTNE TOOL CGPYING SLTDES

2.1 INTRCODUCTION:

| The geometric form of workpieces is dependent oﬁ
fhe relative movements of the work and/for tool during
machining. The control of movements in machine tools
i:anqe from fully manual to fully automatic E'? ].
i To produce non—circular bores on the lathe it is
therefore necessary to know the principles, techniques
1 -

ia!'ui mechanisms that can be employed for the automatic
contrel of the desired relative movements between the
boring tocl and the workpiece.

The essential object of the automatic contreol of
machine tools is slide positioning in accordance with a
predetermined schedule of command instructions based

upon the dimensional information obtained from the ,
workpiece drawing. The positioning may be static as when
the workpiece — slide combination is moved to the correct
position preparatory to drilling or dynamic in which
the form produced is the resultant of the continuous
and combined motions of the slides along the co-ordinate

axes as shown in[igures 2.1 and 2,2, 1In the static slide
inositioninq shown in figure 2,1, the slide moves from time to time
from a given position to target position P, stopping there for

an interval of time hefore moving back again. In the continmiuous
slide positioning shown in Figure 2.2,. each slide is at any instant
either moving backward or forward along a given axis, In the
static positioning of a slide,machining deces" not take place while
the «lide is in motion, whereas in the continuous slide positioning,

machining occurs while the slides are in motion. _i :
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The command instructions are embodied or permanently stored,
either ag a template the profile of which is a replica of the
desired form and which deflects the actuating stylus of the slide
‘mechanisms, or as a numerically encoded programme of holes
along a tape., To ensure that the slide mechaniasms obey the
called-for-positioning signal emitted by the command control, the
movements of the slides must be monitcred conpinuously so that
output position signals can be fed back to co‘r:!trol for comparison
with the input signal, Such a closed loop, self-monitoring
and error-correcting behaviour is the characteristic of serve

. . :

mechanigms [ 7, 26 ]. i

2ll machine tool automatic control systéns such as
templates, tracers aﬁd numer ical control incluﬁe a servo
ﬁechanism as part of the systsn-.. A servol is composed of a
number of elenents = the input medium that represents the desired
position or series of positions forming a continuous path., a

comparator Sensing the difference between the output and the

input; power elements,. hydraulic cor electrical, for drilving the
slide transmission and a position feed back unit [ 3 ]. !
Copying units for fitting to or incoporating in machine:
tools are an important aspect for electrical, hydraulic and,
electrohydraulic servo mechanisms. WVarious types of servo
. | .
mechan{isms are available for fitting to most mlachine tocls, and
they enhable irregularly shaped parts to be produced economically
using either a template or a part which has been machined by
conventional methods to guide the tool [ g ]..
The simplest copiers are those fitted to lathes, especially
those producingl multi-diameter shafts. More elaborate copiers are

fitted to die sinking machines, In all cases the stylus follows

the contour to be copied and operates the servo valves,

i . E . "
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HYDRAULIC COPYING SYSTEMS:

Hydraulic positioning servo systems can be used in
machine tools for tracer controlled mechanisms to enable
reproduction of profiled parts. These are valve controlled
drive systams with a tracer attached to the valve for
sensing the template or master, Linear type spool valves
with single, 2-edge and 4-edge metering can be used, The
flow pressure and characteristics of copying valves and the
drive sizes are basad on load and load speel requirements
with due consideration to response and stability of the
servo-systenm,

The valves are built so that a small shift in the
spool position can produce high forces ang flow rates
resulting in increased copying accuracies. Valves are
generally mounted close to the drive with rigid flow paths
to minimize the compressibility effects on the system
response { 4 ].

The principle of operation of systems with one type of these
valves is shown in Figure 2.3. Figure 2.3 demonstrates an
asymmetrical system with a differential area piston head ends E1 and
E2 as shown in the Figure. The oil flow to the head of the cylinder
chamber is connected directly to the oil tank through a spool valve.
The two ends of the cylinder chamber are interconnected through an
orifice type restrictor.

'The area of the piston end E, is twice that of piston end £,
The pressure on the head of the cylinder chamber is dependent on the

flow across the orifice and the copening of the valve to the cylinder.
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At no effect, (low through the valve is such that it creates

a pressure on the head side to balance the loads on either side

of the piston., A shift in the position of the sjool contrelling

the valve opening increases or decreases the head chamber

pressure cither to advance or retract a slide load.

23

2.4

ELECTRICAL COPYING SYSTEMS:

There are various types of electrical copying
systems., One type consists of a drive to the copying
slide which comprises of a fead motor, bevel reverse
gears, and a pair of magnetic clutches, The normal
feal gear box is used for the longitudinal feed in this
instance. On being deflected by either the tamplate or
spring, the stylus energizes the corresponding electromagnetic
clutches through a relay and contactors, The direction and
magnitude of energization of the clutches depend on the
magnitude and directional deflection of the stylus causad by
the contour of a co-ordinating template. The gontinuous
and repeated action of this kind is then usad to control a
copying slide [ 3 ].

ELECTRO-HYDRAULIC COPYING SYSTEMS:

An electro-hydraulic copying system combines both
electronic and hydraulic elements; the aim being to utilize
the best features of ecach, Thus there are two main systamns:

{i) electronic systam for control and

{(ii) hydraulic system for slide movaments,

Plhee « lectronie systim comprises of Ewo circuits, a basic
circuit shown in Figqure 2.4 using a high va-uum valve to achieve
as mony cwitchinas as poscsible in a given time, with a minimoum

of control enerqy vl the control circuit containing the amplifiers
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and the rectifiers for converting the alternating current (a.c.)

to dircet cury b (el e ).

3
10
4

- F

S T

—T= ’

L

" Y

Fig.2-4 : Basic electronic circuit.

Figure 2,4 above shows the principle that, o sensitive

tracer tranamits minute electrical impulses to contact 7 which

is connected on one side between protective resistance 3 and
high resistance 4, and on the other through conductor 8 to earth 6.
When contact 7 is5 m--_-n.qri:? G is connectaed to the wwative

the voltage source 5, hence valve 2 is cut

steady bias potential of

off from the flow of electrons, Consequently no clectrons flow

through 10, which comprises of a small system of clectromagnets

that actuate hydraulic valves, 1If contact 7 is ¢losed by the

movement of the stylus, grid ¢ is connected to earth through the

protc'ctiw- resiatance 2 anl the grid bias potentinl is bypassead.
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The valve then conducts anode current which flows to the
magnets 10 to actuate the hydraulic valves which in turn release the
flow of oil to move the tool slide in a definite direction. The
magnitude and direction of the movement of the tool slide deperds
on the electrical impulses transmitted to contact 7 as determined
by the contour of a coordinating template [ 3 1.

2,5 NUMERTICAL CONTROL:

In numerical control, the continuous, simultaneous
and interrelated motions of the slides are controlled by
the mumerical information input to the control unit of a
numer ical control machine tool [ b/ }. Irregularly shaped
parts and forms can therefore be produced on work-pieces
without a template, Strictly speaking this is not copy
machining in the sense used,

2,6 TYPES OF CONTROL:

Machine tools servo-control mechanisms or systems
can exhibit one dimensicnal, two dimensional or three
dimensional control or positioning of the slides depending
on the design [ 3, 4 ]. 2f these, only two dimensional
and three dimensional emes are applicable in producing
irregularly shaped parts and forms on workpieces,

2,6,1 ™O DIMENSTONAL CONTROL:

A basic copying system incoporates two controlled
motions at right angles. The sensing head also has two
orthogonal axes, one of which (the copying axis) is kept
substantially normal to the template surface at the point
of contact. The second is the feed axis, Feed motion
is necessary to derive copying action, but at the same time
a feed-axis pick-up detects any departure from a normal position,
driving the sensing head in the presence of an error signal

to maintain feed and copying axes at right angles I 3,9 ]. A two
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dimensional control is as shown in

figure 2,5,

Wark-piece

—— e

In a three dimensional control system all the three
co-ordinate axes X, Y and Z, are under copy control to enable

contouring as shown in Figure 2.6.

- Tool

Fig. 2.6 A three dimensional control
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For a 3-Dimensional contrel hydraulic servo-system, the valves
for the longitudinal and traverse axes are placed horizontally
at 90° to each other, while the valve for the vertical axis is
mounted vertically A stylus deflection in the horizontal
plane actuates the X and Y valves and the vertical movement of the

stylus actuates the Z-axis valve [4].
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CHAPTER THREE

DFSIGN OF POWFR TRANSMTUSSION FOR THE NON-CTRCULAR BORINA ATTACHMFNT

T
| [

3.1 " INTRODUCTION:

l Power transmission in machinery is the establishment
of a co—ordinated dynamic linkage between two or more acting

compenents of a machine from a source of mechanical power
to enable it perform its functions as desired [ le, 17 ].

This is of fundamental consideration in the design of any

} : : .

machine.

'F Varicus methods of accomplishing mechanical power
transmission in a machine include: gear; belt} chain; palley;
rope and flexible shaft drives. Each method has its own
limited areas of application, The cheice of any of the
methods for a particular situation at hand is a design
decision. Such a decision takesg into consideration the
necessities of economy, reliability, compaciness, °,
efficiency, and maintainability of transmission [ l6, 18 ].

i In copy machin:tng; the template is the embodiment and
.director of command instructions to the actuation of the
cutting tool and/or workpiece via some operative mechanisms
[ 3, 4 ]. These Instructions are only possible through the

rotational kinematic linkage of the outline confbur_-_,of the

template with a tracing fellower, This means that a drive

I

system is necessary to maintain a steady rotation of the

template at a desired speed during the process of machining.

r / . . . i
i - For normal operations on the lathe, it is well kpown that a

small fraction of the lathe motor capacity is used to drive the

workpiece [8,15,19]. The source of power to drive the template

for non=circular horing on tWe lathe could be separate'from that of
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the machine or it could be tapped from the machine's excess power,
The latter is much more economical and is adopt«d. Two possible
roints of tapping the lathds excess power are idontified:
'
(i) from the lead screw of the machine and
(ii) from the lathe spindle.
Various standard metheds of mechanical power trananission

are therefore reviewed in this chapter to decide from amongst the
various alternatives the most applicable and optimum method of

tapping and tranamitting the excess power of the lathe to drive the

tanplate.

32 POWER TRANSMISSTION BY GEARING:

Gears are used to tranamit power between two or
more shafts that are too close for flexible power transamission
methods like rope; chain; belt; and flexible shaft drives
to be usad [ 12 J. Among the advantages offered by the rear
method of power tranamission compared with chaing or belts
are [ 18 ]:
{i) accurately cut and installed gears ensure
smooth shockless transmission of power
regardless of speeds, thus providing a low
noise level, and freedom from destructive

shock stresses;

(ii) gears are practically unaffectal by centrifugal
forces;
(iii) gears are compact means of obtaining spead

raduction regardless of the amount of power involved;
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: {(iv) properly installed and selected enclosed gear units
i can be safely said to last longer with less attention
: than almost any other form of mechanical power

: transnission;

} {(v) Spur, and helical gearing are the most efficient
means of speed change regardless of the amount of
power involved, or the magnitude of the spead ratio;
i (vi) Worm reducers movide the most speed reducticon and

I

horse power capacity in a given space, but at the

: sacrifice of efficiency; and

! {(vii) gear combinations offer a wide variety of physical

E arrangements to pexrmit changing the direction of the
! flow of power through almost any angle,

Power transmission by gearing on the other hand suffers the
disadv'antages of the gears,. being less able to absorb shock and
vibration compared to flexibkle power transmission methods, Except for
high speed ratic applications, gear units are more expensive than
belt or chain drives.

The possible point of tapping power from the lathe by gearing
iz at the lead screw of the machine. The arrangamnent consists of
[ 20]:

{ {i) gearing a worm and wheel to the lead screw;

{ii) transmitting the power from the worm and wheel to the
template; and
{1ii) adjusting the speed of the lead screw to meet the

r particular demand at the template,

fhis method of power transmission has the following
shorteomings:

(i) the speed of the lead screw is nommally very

low which necessitates a high gear ratio;



(ii)

(iii)

20
apart from the fact that worm gear transmission
is inefficient, stepping down the speed before
stepping it up again worsens the situation; and
the design would not be versatile in the sense
that it cannot be used on different lathes since
the size and pitch of the lead screw may be

different for different lathes,

POWER TRANSMISSICON BY CHAIN DRIVE:

The chain drive method of power tranamission is

especially applicable where the distance between the

driving and driven shafts is too close for belting and too

long for gearing [ 17 ]. The chain drive offers the

following advantages:

(1)

(ii)

(iil)

(iv)

{v)

high efficiency (around 98 - 99%) of power
tranamission;

uniform driven speed regardless of load because
there is no loss of speed through slippage or

creep,

the chain drive is positive, compact, and

without the initial tension required for a belt drive;
because no slack-side tension is required, the loads
on bearings of the driver and dr iven shafts are the
lowest possible, which permits amaller sprocket
diameters on motor, allowing a higher speed ratio in
a given space than can be obtained from belt drives;
chain drives transmit the most power per centimentre

of width for a given diameter and speed;
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(vi) because they can be made, endless in any length
and are easily installed, chains are easily stocked
for replacement purposes;

(vii) the industrial standardization of chaingsand sprockets
makes it easy to obtain replacements without having
to worry about any particular mamufacturer's
specifications;

(viii) the chain is one of the easiest means for driving
several shafts in series from one source of power; and
(ix) the chain system of power transmission is more
durable than belting and can be substituted for it.

The disadvantages of the chain method of power transmission

include the followings:

3.4

(i) they are inclined to noisy operation; and
(ii) they are not enclosed for effective lubrication
like gears, Chain drive§can be used to tap and

transmit the lathes excess power from the spindle.

POWER TRANSMISSION BY BELTING:

The two popular forms of power transmission by belting
are flat and V-belts, Flat belts and V-belts are used in
conjunction with pulleys and sheaves respectively like
chains with sprockets, They are used to transmit power when
the centre distance between the driving and driven shafts
is too long for gear and chain methods of power transmission.
They possess the advantages of being quiet drives, having the
ability to absorb shock and operating at low bearing pressure,
The sMippage associated with belt drives makes them inferior
to chain drives for many applications [ 18 ].

Like chains belting can be used to tap and transmit

the lathes excess power from the spindle.
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POWER TRANSMISSION BY FLEXIBLE SHAFT:

One cheap method of tapping the rotary power of the
lathe spindle is by means of flexible shafting, A flexible
shaft is suitable for transmitting power over, under, around
and even through obstacles that rule out the use of rigid
straight lines [ 17, 18 ]. The flexible shaft method of
power transmission is easy to install; maintain and is
stable to vibrations,

The short comings of application of the flexible shaft
method of power transmission include:

(i) its limitation to low power and speed requirements; and
(ii) it cannot be used to step speed up and down like
in gear; belt and chain drive methods of power
transmission,

Flexible shafting can be used to tap and transmit the

lathes excess power either from the spindle or lead screw

of the lathe,

CHOICE OF POWER TRANSMISSTON METHOD TO DRIVE THE TEMPLATE
OF THE NON~CIRCULAR BORING ATTACHMENT;

Despite the good advantages offered by gearing as a
method of power transmission; the only probable point it
can be used to tap and transmit the lathes excess power to
drive the template is at the lead screw of the lathe machine.
Even then the set-up arrangement as given in section 3.2 is not
compact, efficient and economical.

Of all the processes used to shape metals. It is in
machining that the conditions of operation are most varied.
Many different machining operations are used involving
cutting speeds as high as 600 metres per minute or as low as a
few centimetres per several hours or interrupted in fractiomof a

second [30,36].
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It is important that this variability be appreciated; therefore

considering:

(i)

(ii)

(iii)

the limitations of the flexible shaft to low speed
and power requirements as a method of power
transmission;

the occassional sfippage associated with belt
drives; and

the high efficiency of power transmission by chain
drives (98 = 99%) over a wide range of speeds without
skippage to interfegre with machining operations,
together with several other advantages, makes it
more satisfactory, and it is therefore selected

to tap and transmit the excess power of the lathe to
drive the template at a desired spindle-~template speed
ratio, A 1l:1 ratio is chosen for the non circular
boring attaciment. This is because the shape of a
template will be reproduced on the workpiece only

when the spindle~template speed ratio is 1:1,

3.7 POWER TRANSMISSION SET-UP USING CHAIN DRIVE;

Two possible set-up arrangements are envisaged for power

tranamission using the chain drive. These are as follows:

(i)

(ii)

the three-shaft arrangement; and

the single-shaft arrangement,



YTt THE THREE-SHAFT SET-UP ARRANGEMENT:

In this arrangement, two equal

are mounted a€ showm in Figures J.1

Bearing D

ﬁk’..

Sprocket I

Hanger B

Universal Joint F .
Telescoping Shaft G

S
mmwc*ﬂE%
B
r—— .?

—

=
Roller SR
Chain e

Sproket A —

L0 el

©
 }
Slicde L

size sprockets A and B

and 3.2,

Bloeck

Searing J
Hanger K
Collar M
niversa y ] S
Joint F ks q
-—!—l "_-Y' Eh‘i E ’_' Chbl(‘ “
o/(o "ot o Q f: ' %
7 UL S Shaft H
' — . i ;
{8 .

.i_,... Cable Q

N\

AN

Fig. 3-1:
lathe

/Work Piece T

\Tool block O

Sekup for Non-circular boring on a

g Template N
)

Follower P

Sprocket A is on a solid spindle friction clutch which is plugged

with a tight fit into the lathe spindle, and sprocket B is on the

shaft C,

hanger E, that is clamped to the bed of the lathe.

transmitted by a roller type chain,

Motion is

This shaft is supported in bearing D secured by screws to a
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Lathe spindle

oprocket
__'___p et A

Bearing D

Shaft C

~—~. Sprocket B

\ The Roller Chain

N

Hanger E

Fig. 332 Roller Chain and sprocket drive

rotates the template at 111 ratio with the
lathe spindle

Universal joint F and a telescoping intemediate coupling shaft G
serve to drive shaft H while permitting both longitudinal movement

of the carriage and lateral movement of the cross-slide, This
arrangement allows shaft H to always rotate at a speed egual to that,

of the lathe spindle and in the same direction.

Shaft H is supported by bearing J in a hanger K fastenal to
a special slide L. A collar M is keyed to the shaft H, and the
template N is attached to this collar with screws as shown in Figure 3.3
and 3.4, Slide 1 1is fastened to the cross-slide in place of the

compound ,
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Screws are used for this purpose. The tool block O is
machined to fit slide L and has a T-slot for the tool post
ijdentical in size to that of the compound. However, this slot

is made parallel, to the cross-slide for easier positioning of

{Template N
i Codlar M Telescoping Shaft G

e . Bearing D

s a/ ' | Sprocket B

‘Bearing J

o

Shaft H-— g
_ .; v | fwe Shaf't C
W Univeraal
> Joint F

Hanger E

Cable Q

Fig. 3-3: Non-circular boring device as seen from
rear of lathe. For clarity portions of the lathe
have been eliminated

the tool. When the slide L and the block O are f:*lttad together
and mounted on the cross-sliide, the top of the block O is
at the same height as the top of the assembled compound,
The roller follower P is attachad to the block O as shown
in Figure 3.4. A weight secured to the end of the cable Q is used
to keep a constant and even contact between the roller and template.
A second weight attached to the cross-slide by cable R takes up
any play between the cross-slide screw and nut. A block S which

is machined to fit the dovetail slide of the saddle is fastened to
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and supports the overhanging end of the slide L. as illustrated

| Work Piece T

Tool

Block O Roller follower P

e

= Shaft H

l . Template N

g T

e JLLLLLLL.
AT e Iy B
& -

P,
MUk B

5%
NN
: O H Cable Q
slide L ) N .

Block S

e SNTIC. . g R g e
D4 S W b W W iy

| Cable R

Fig.34: A weight is attached lto cable Q to
keep the roller follower constantly in contact
with the template N.

in Figure 3.4.
Since the two sprockets are equal in diameter and pitch
and are coupled together by a roller chain, one turn of the lathe

spindle will result in one turn of the template, When this

template is rotated, a boring toocl mounted on block O and
guided by the template having the desired centre may be used

to reproduce the shape of the template in the workpiece T .



SINGLE« SHAFT SET-UP ARRANGEMENT:

In a single shaft set-up arrangement, two identical

sprockets S] and 5, are mounted on shafts as shown

in Plate T.

Sprocket S]

Shaft lil

0]1]ler chain

Sprocket S

Extender _F_'}

Screw pin

Spindle
friction
clutch C

Plate I: Back view of the single shaft
set-up arrangement.

1
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82 is keyed to an extender E1 which is comnected to the solid
spindle friction clutch C1 by a screw pin I, The clutch is plugged
with a tight fit into the lathe spindle, The clutch is made of a
cylindrical steel Part, and covered with friction materials, Since
the outer layer of the clutch is made of friction materials, and the
clutch is fitted tightly into the lathe spindle, it will not slip but
become integral with it. This arrangement allows 52 to take up and transmit
the rotational speed of the lathe spindle when 81 and 52 are connected by
a chain as shown in plate I,
51 is keyed to the end of shaft Hi' Shaf't H1 is supported appropriately

in two bearings I.’u| and B Bearings .B1 and 132 are fitted tightly into,

e
and congentric with,the bores of identical bushings U‘T and U, respectively,
Bushings U1 and U2 are again fitted tightly into, and concentric with,
the bore of pipe P1 of appropriate design length. The use of U1 and U2
may be omitted and the bearings supporting the shaft fitted tightly and
directly into pipe P1. This arrangement allows only the shaft to rotate
integral with the bearings when it is rotated,

Pipe P1 containing the assembly of shaft HT’ bearings B1 and Be,

and Bushings U1 and U2 as described above and shown in Figure 3.5 is

i i Bushing U
yocket Sy Bearing B, Bushing Uy 2
Pipe end Pipe Py . extitg: Oa
i Shaft Hy P 1
1 Templet Ty
LIAryiye ATl T 1 1T IRt Y11 1T 11 I_lll[[t) "[II_LIL
w7 v
: )
Y j_ U
; -7/ -
NN N .S
L‘}‘I\Ill;\\l\\f‘\\;\l\ll A O O A A N A o O NN N O O O O |

Fig-3.5:Assembly of pipe, bushings, bearings and shaft.
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gupported on an auxillarly bracket Rl of the lathe as shown in
Plate II, The wooden support IJ1 is used to support the overhanging

lengt-._h' of Pl'

Boring tool ;
J Work piece W
Bushing U1
Screw C
3

crew C. with similar screw C,

1

on the other side of pipe Pl

Pipe Pl
Lathe body

Shaft Iil

- l

Tracing
stylus

L Chain connects

€ sorockets S :

and S,_J

Wooden support D |

Slab I.,l

Bracket R1

Template 'T‘1

Bracket R2

Plate II: Front view of the single shaft set-up arrangement.
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Pipe P is surported on bracket R, with a slidding fit in bushing U.%

1

to facilitate adjustment of the lonpitudinal position of the pipe. Bushing

y. is welded to a steel Elab L1 to facilitate clamping of pipe P1 on

3

bracket R,e Slab 1,1 is provided with two screw holes, and two screvws C,]

and C. as shown in plate 1T are used in conjunction with nute for fixing

2
slab L, which carries and support pipe P, in bushi:g I}3 on bracket R,e
]

The bracket is provided with a T-slot to facilitate this. Slab

L. can be moved inward and outward from the main body of the machine

on R, to adjust the contact between template T1 and the tracing stylus.

1

U, is also provided with a screw C

3 for fixing the sliding

e
£it of P, into a steady position at any of its longitudinally

adjustable positions that may align 5, with S, in a straight line

so that the chain which connects Sl with 32 is not slanting but

perpendicular to the shafts on which Sl and S2 are mounted,

A similar bracket R, to R, and adjacent to it is provided with

2 1 '

H. carries template T, at

a dead centre to support the end of Hl' ] 1

a point on the shaft betwe?g‘ Rl and Rz.
Since the two sprock;ats are equal in size and pitch, the
rotation of the lathe spindle synchronizes that of the template,
when the sprockets are connected by a chain. Tl is then used as input .

actuator to enable its shape to be reproduced on workpiece W, using

the boring tool.

3.7.3 CHOICE OF SET-UP ARRANGEMENT;:

R T S —————

It can be appreciated that the three-shaft set-up
arr.:a.ngunent is ulky and not as compact as the one shaft
arrangement;and is less econcmi:cal. It involves the use of
special and costly parts such as the universal joint and
hangers, The one shaft arrangement involves the use of
parts that can either be obtained locally or produced

locally such as: Iushinas and pives. Hence considering the
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it is adopted and used as the set-up arrangement to transnit power to drive

the template for

j.a

Select a chain
P=12,7mm
d,= 7.93mm [20]
P= 12.7mm

Assumme T=20

Db= 25mm
P= 12,7
, .
I
Il
1
|
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|
1
I
I
1
1
i
I
I
I
I
!
i
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the non circular boring atta'€ hment,
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3.9 POWER TRANSMISSION ELEMENTS AND THEIR ANALYSIS BASED
ON THE ONE SHAFT SET-UP ARRANGEMENT:

The following assumptions are made for strength
analysis of the power transmission elements:
(i) bending due te the side pull of the shaft
and spindle clutch arm by the tension in the
chain is neglected;

(ii) torsional effects in the shaft and spindle clutch
arm due to the inertia of the sprockets are
neglected;

(iii) the weight of the template is considered =mall
and neglected;

{iv) the slip or pull out of the spindle of the
friction clutch, if any is neglected;

(v) support of the shaft in the bearings is
approximated to be simple supporting;

(vi) weight of the extender is considered small
and neglected;

(vii) the weight of the shaft is assumed to act at
its centre of gravity, and
(viii) the arm of the spindle clutch carrying the

sprocket is likened to a cantilever -

3.9,1 SPINDLE CLUTCH ELEMENT :

The spindle clutch element consists of:
{1) a sprocket of weight (Hp) = 3,.45N;
(ii) an arm carrying the sprocket at the end;
(iii) a pin, for joining an extender to the
spindle clutch;
(iv) a solid friction clutch, These are shown

in Figure 3.9.



|
| 1 \ . | ' | %
\ |

Sprock
procket _ s Arm carrying

Spindle
the sprockel !
Pin hole M bearing Friction sofid
of Smm cluich
NSO S SOOIV WESSSSNANSSN T T Ty
33)12 X X X X X X X X X x x x[|x x{ %
¥ X X X X X X X % x X x'x x| g
1 €] E
Wy X X X X X X X X X x X X | o €
T L X X X X X X x x x x x |&<S
! X XX X A X X & x x x x| |
I AUV N SRNY \\\\\\\\X\\\\\‘{_ 4
L 18mm i
I i
S8mm :‘L Y3 mm —%;

F1g-3-9:Spindle clutch element .

!
!
|
‘
o
R \ Wp
1
|

STARFENIR RN W

‘ L S8 mm
*

|

~ Fig-310:Free body diagram of the spindie
clutch element.

[



37

. suress analysis

= —

From Figures 3.9 and 3,10,

M

x = W x (3.1)
P

MI = 3.45(0.040) =  0.138Nm

Mmax = 3.45(0.058) = 0.2Nmn
MY ——e—( 3.2 )

o = —

b 1

where

Hx - bending moment at an arbitrary position X from the end
of the arm beam as shown in Figures 3.9 and 3.10

MI = bend ing moment at the position of the pin.

M = max imum bend ing moment in the arm beam,

oy - bending stress in the arm beam

vy = arbitrary distance from the neutral axis (stress
free aXis) of the arm beam.

I = second moment of area of the arm beam's cross section,
From equation (3.2), the maximum bending stress due
to the maximum bending moment in the arm beam is

o M y where

m = max "“max

‘-; . d -

“max N 2

4

I = .ni i
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d = diameter of the arm beam; and

§max = max imum distance from the neutral axis of the
arm beam.

Therefore o, = O:200:;0021/2 . l.ZHsz.

n (0.012)*/64

The max imum bend ing stress due to bending moment at the pin is

5 4
g Ymax na* 9
g . F— ¢ OheXe, Tsop = =5
dp = diameter of the pin = 5mm = 0,005 m.
)
P _ 0.138(0,012)/2 _ 5_914""/32

[m(o.012)"/64 - (0,005} (0,012)3/12]

Therefore the overall maximum bending stress in the arm beam occurs
at the pin and is ('Jbl max = 5,914 MNA Z, For steel, the yield

stress in tension {%’) - 27-)HN/m2 [22,23].

Therefore the overall maximum bending stress in the arm carrying
the sprocket is far less than the yield stress of the arm material,

hence the arm is safe.

Deflection

From equation (3.1), the deflection of the arm beam is

determined as follows:

d2
Elede & o« 3,45k weess (3,3)

dx2

dy _ = 3.45¢°
Atx = 0,058 X = o, C. = 0.0058

- . ’ dx ’ 1 .
w 3 3

Ely E 25" + 0,0058x + €y wrem=={3,5)



3s

3
At x = 0,05, y=0;C, = e (0. 0058) (0. 058)
c, - - 0,00022

3.45x3
Ely = - 4+ 0.0058x — 0.00022 ===== (3,6)

1 3.45(0) 3
: A = = [==% + 0.0058(0) = 0.00022]

R - 0,00022 e
ET .
y = deflection of the arm beam,

E = Yourg's modulus of the beam material
ymx = max imum deflection for mild steel, E = 204:(109!4/,"2;
1 = na“/e4 = MN(0.012) /64 = 1 x 10 m*
Therefore J =~ = = 0.00022 _ 4.000001% = O.001mm

204x107x107?

In the design of shaft, the deflection is specified to be limited to

0.83mm/Metre [21]. The arm beam is therefore safe.

3.9.2  The shafe
The shaft used was 1200mm long and 25mm in diameter.
It was cut from a steel standard rod, and stepped to a
diameter of 12mm for 134mm of its lengthat one end to

facilitate entry and insertion of templates, which

were made @ with a bore of 12mm.
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Determinarion ol the contve of aravity of the shafl
e R e o s o i o o 0 5 i M g i e e e e 0 . S S S e

The shaft uscd to transmit power is shown in Figure 3.11 below.

Q25mm
Qi12mm

X b (1066 -X)m . 4..__,_9..ﬂ3_m._.._-_-4i
o«
A

Fig.311 > Shaft .

Density of steel ("H} = 7850 Kq,(“z . From Figure 3,11,

= 0 =————— . wre L i ¢ '
mAB {(3.7), wherc mAB is the sum of all force
moments about section AB, From equation (3.7)

i (0. 025)° (7850)9, B)x° _ I{o.02 5)° (1. 0b6=x) (7850) (9.8)

m =
AB 4_ 2 4 2
2
100, 012)7 (0. 134) (1. 134-x) (7850) (9.8) _

4

vwhere 9.8 is the <10 of aceeleration due to gravity.
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2 2 2 2
w 0,025 x = 0.025 (1,066-x) + 2(0,012)" (0,134)(0,133x)

&S x = 0,55m

The centre of gravity of the shaft is therefore 0,553 from its

untapered end.

The total weight of the shaft(wsj is given as:

W = 2",_[9'91[";"1:"5 + g.andix,sﬂs] ———————— (3.8)

where d = Jdiameter of the bigger portion of the shaft = 25mm;
Lb = length of the bigger portion of the shaft = 106Gmm;
. = diameter of the smaller portion of the shaft = 12mm; and
L = length of the smaller portion of the shaft.

8

From ecquation ({(3.8),

ws = *[ﬂ (0.025)2 (1,066) (7850) (9.8) + I{0. 012)2{0. 134) (7850) (9.8)]
W = 41 .36N

-]
Forces actina on the Shi‘.lf._t_‘

The shaft was supported in two bearings 800mm apart.
The static forces acting on it are shown in Figure 3.12, The
forces are:

(i) the bearing reactional forces {Rl and RZ),
(ii) force due to weight of the sprocket twp) and

(iii) force due to weight of the shaft (WE}.
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The free body diagram of Figure 3,12 is shown in  Figure 3,13,

Fig-312:Forces acting on the shaft

For equilibrium, sum of all force moments about point D {XMU) is 0.

Using %_ = 41.36N, and ¥ = 3.454.,

ZMD = A41.36(0,447) - U.nnl + 3.,45(1) = o

-rRl = 27.321,

For equilibrium, sum of all vertical forces (IV) is = 0,
Iv.= 0 41,36 + 3.45 - 27,32 =~ R;‘ = 0, R2 = 17.5N

Starting from the left end of the shaft shown in Figure 3,13,

]

The moment at section B is: M = 3.4 =—————— {3.9)

- 3.45¢ + 27.32[x-0.2] —-(3.10

u

The moment at Section C is: M

BC
The moment at Section D isf M, = = 3.4% + 27,32[x-0.2] -
41.36(%-0.553] ~mmemmmm(3.11
M :
MRBlx = 0.2 = = 3.45(0.2) = 0.69%Nm

M
BC|x = 0.553= = 3.,45(0.55%) + 27.32(0.353) = 7.7Nm.

The maximum bending moment in the shaft (r-:m x, is therefore 7.7Nn,
(‘

Using emation (3.2), the maximum bending stress in the shaft due
7.7(0.025)/2

- 5.02M1, ™
(o, 025) /64

to the masimum bending moment ic (g, ) =
b max
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For steel the yield stress in tension is 27CHN}hF. Therefore the
max imum bending stress in the shaft is much lower than the yield stress

of the shaft material, hence the shaft is safe.

nef1ectigg_of the shaft

From equation (3,11}, the deflection of the shaft is determined

as follows:

2
EI?-'-%- = =M = 3,45 - 27,32[x~0.2] + 41.36 [x-0.553] ---(3.12)
dx =
2
dy - 3.45¢° 27.32 . .12, 41.36 r _ 2 o
1 - > == [x-0.2]° + == [x-0.553]° + c, (3.13)
3.45¢°
EI = = - 237,32 3  41.36 3
= === [x-0.2]7 + === [x-0.553]" + C x4C,y~==(3.14)

where C, and C_ are constants.

1 2
Yy 20,2 = 0
Therefore, 0046 - 0,303 + 0.2C1 + C2 = 0,
Hence, C2 = 0.303 - 0,0046 - 0O, .2‘(.‘1 ————— - (3,15)
xlx =1 = 0
Therefore, 0/525 = 2.33 4 0,62 + C; 4 C, = 0. ===--=(3.16)
Solving (3.35) and (3.16) simultaneously; Cl = 1,05 and C2 = 0,089
3.45 |3 _ 27.32 3 . 41.36

Therefore, EI§ = —=— x - === [x-0.2]% + == [x-0.553]3+ 1,05x+0.089.
Yy o -l 5

x = 0,553 = —= [0.097 - 0.2003 + 0.581 + 0.089] = 0.567/EI
Ve wosr = “::'f [0.1065 - 0.231 + 0.000034 + 0.6 + 0.089] = 0.565/E1
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ﬂ:q: = 0,553 » .le = 0.57. This means the maximum deflection occurs at

x = 0,553, and is 0.567/E1

. Ito.025)
- 64

Therefore the maximum deflection of the shaft is

0.9 x 10_%4

o ® o 5 = 0,000% = 0.3mm.
204x10°x0.96x10
Wp
v B C D
I a
R, We
,g_QLlEL.*ﬂ
0-553m
m k-
% : o 1 - e
- _ To8m N
' _12m -

Fig-3-13 | Free body diagram of forces acting on the shaft.

In the design of shafts, the deflection is specified to be limited to
0.83mm/metre f21]. Therefore a 0,3mm deflection has no effect on the

shaft.

3.10 SELECTION OF BEARINGS:

e e e o o

Bearings are selected on the basis of shaft diameter. The
selection of bearings for a particular use is governed by the
following factors [5,20]:
(i) the radial locad (N);
(ii) the thrust load (N);
(iii) the speed of the bearing;

{(iv) the desired life of the bearing;



' (vl condition of lcading; and

{vi} the environment in which the bearing is to operate.

For the power transmission shaft used for non—eircular boring

on the lathe, the calculated maximum radial bearing load from

section 3.9 is 27.32N. For the shaft, there is no thrust load,
and for gimple loading, bearing 25BC 10 was selected in
accordance with international standards organization [41. This

|l

isla deep groove ball bearing. It has the fcollowing specifications:

{i) outside diametey = 47mm;
(ii) Tbore = 2 St ;
v {iii} thickness of the bearings = 1Z2mm;
? (iv} Dbasic load ratings are: Static (Co) = 4900N and

dynamic (qd}= 7644N; and
(vi lubrication requirements for limiting speeds as:
Grease for 15,000m and oil 18, O00Rx.,

BUSHINGS:

Three steel bushings were produced. Bushings Ul and U2

shown in Figure 3.5 have the following specifications:

(i} internal diameter = 47mm;
{ii} outside diameter = ©60m; and
(iii) length =  50mm

Bushing O

3 also shown in plate II has the followlng specifications:
(i) internal diameter = Xlimm;
{ii) outside diameter = Hlmm; - !
(iii) length = 120mm; and

{ivl a screw hole of 8mm in diameter at its wmid length,
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SLAB:
One steel slab shown in plate 1I was produced and has the
following dimensions:
(i) length = 150mm;

(ii) width = B0 mm;

(iii) thickness = 10mm; and

(iv) two screw holes 8mm in diameter and 130mm apart

along the length and each 10mm from the edge of

the slab.

PIPE:
One cast iron pipe shown in plate IL and Figure 3.5 was
produced from a standard pipe rod. It has the following
specifications:

{i) internal diameter = 60mm;

1000mm; and

i

(ii) length

(iii) outside diameter = 80 mm

EyYS:
Two identical rectangular parallel keys based on IS0 773 for
a shaft diameter of 25mm were produced, The dimensions

according to IS0 773 f24] are as follows:

(i) length of the key 2 5mm;

(ii) width of the key =  8mm;

(iii) depth of the key = 7mm;
) +0,2
(iv) depth in the hub (sprocket)} = 3.3mm ,
+0,2;

(v) depth in the shaft = 4dmm

(vi) tolerances of width of the key in the shaft = 40,018, and

{vii) tolerances of width of the key in the hub (sprocket) = =0,03.
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CHAIN:
The chain used for power transmission is a roller chain
ANSI 40, according to the American standards institute [16,21].

The chain has the follcwmq Specificati()ns:

(i) pitch = 12,7mm;

]
~
-
W
2

(ii) number of links

(iii) length = 0,99,

SPINDLE_CLUTCH:

The spindle clutch used for power transmission was
produced using a solid steel part and friction materials.
The dimensional specifications and items of the spindle clutch
are shown in Figure 3.,14. The friction materials were

covered on the solid steel part with sufficient thickness to

give a tight fit into the lathe spindle of diameter 50, 8mm.

Fri ction ma‘erial )
Solid steel part

ANEEEER NN N R S

v All dimensions
are in mm

§ tapped

-

0 48
js2

p—

:

58

JL“""FQ

-

o L

130 4
» -

Fig-3-14. Spindle friction clutch.



3.17 THE EXTENDER

The extender used for power transmission and its

diamensional specifications is shown in Figure 3.15. It

was produced from mild steel,

KEyWﬂy l f
l
I .
I
R —-| E l——cj)stnpch e
_____________ ———-————d—i-ﬂ.l—--‘—-
o~ = :._9
L2
i i..|  ae—
| '_ S ), N
|1 | 39 :L]: 20—4 All dimensions are

in mm
| |

Fig.3-15.Spindle clutch extender.

48
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CHAFTER FQUR
THE PROPOSED NON-CIRCUTLAR BORING ATTACHMENT

INTRODUCTION ¢

The proposed attachment is essenﬁially a slide poéitioninq
servoesystem, The attachment consists of a hydraulic copying
unit, various individual templates and a power tranamission
system. It is proposed to tap power from the spindle of the

lathe using chain drive to drive a given template at the same

PU - -

E

~J 17 ] o I w]

Fig-4.1:Block diagram of a slide positioning hydraulic servo-system.

e —————

) o . ot . o

- -

speed as the lathe spindlie. The driven template 1is then used

.ta.actuate the boring tool through slide positioning in

accordance with specifications as determined by the contour

of the template. The programmed actuation of the boring tool
of which will then be used to produce non-circular bores. The
proposed operaticnal principle ig shown in Figure 4:}

Figure 4,1 shows the programme medium P - the template, which
specifies the mode of operation and action; pump PUs qelivering

a stream of hydraulic ¢il to the operative mechanism
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(hydraulic power cylinder) 0 of the slide working memberphtracer T,

designed as a directional valve admitting hydraulic fluid to one

or the other end of the cylinder in accordance with the direction the

va lwe

is displaced by the programme medium; and a feed back F,

rigidly linking the slide with the housing or the spocl of the tracer.

4.2

HYDRAULIC COPYING UNITS:

Generally hydraulic copying equipments find wide
applications in metal cutting machine tools. The most aw_.railable
copying units used in metal cutting are the hydraulic systems.
Those used on the lathe are provided with features for
mounting a boring bar to facilitate internal copying. A
desirable and essential feature of the unit in such cases is
the arrangement for limiting the back position of the slide
to avoid damaging of boring bars and workpieces during
withdrawal [4].

Advantages offered by hydraulic copying unit® and

hvdraulic copying systems are as follows [10,25}:

(i) they permit larger power and force to be
transmitted by a hydraulic cylinder of
comparatively small overall size;

(ii) they offer the means of obtaining infinitely
variable rates of feeds thereby making available
the most expedient cutting conditions and idle
travel speeds and also permit cyclic re-engagement
of the working feeds;

(iii) convenient positioning for hydraulic copying units
in machine, regardless of the location of

mechanical power transmission;



(iv)
(v)

(vi)

(vidi)

(viidi)

(ix)

{x)

(xi)

{(xii)

(xiii)

(xiv)
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the simplicity of obtaining linear motions;
frequent and rapid changes of linear and rotary motions;
smooth motions which increase the life of cutting
tools and sometimes make possible the use of higher
speed and feed rates;
the use of standard 8ub-asgsemblies and machanismaj
hydraulic copying units do not as a rule have parts
subject to high contact stresses,
hydraulic copying units can be designed of standard
elements which can be purchased from specialized plants;
they make it easy for stepless regulation of speeds to
be obtained, which is vital for efficient operation;
they permit the possibility of continuous supervision of
a hydraulic copying system by means of simple and cheap
instruments such as pressure gaues;
the copying units are rugged, accurate and free from both
backlash and dead zones;
hydraulic copying systems can have very high response
rates and time constants of the order of 0.001 seconds
can readily be achieved with them, even when forces of
several Newtons have to be produced;
hydraulic copying systems do not require amplification

of the power of the signal.

One draw back of hydraulic copying systems common to all

control systems with feed back in general is a tendency

when high accuracy and tracing speeds are required [

259.

to instability
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EQUIPMENT AND FACLLITILS:

- — -

The following items of cquipment and facilities exist in the
production lakoratory of the department of mechanical
eng ineering, Almadu Bello University, Zaria, and were used,
(i) the universal lathe;
(ii) wvarious boring too!s; and
(ii1} the hydraulic copyving unit (type TKBl0O) with

the following spedif fcations:

Maximum turning diametor over screen ! S0mm
Entire travel of copying carriage along guides 8 Umm
Toolpost travel 2 Smm
0il tank capacity 10 L
Pump drive motor power 0. 55¢
Pump motor synchronous spesd 1500 Rgm
Pump output 5 L/Min
0il tank weight without oil 54 Kg
Copying carriage welght 70 Kg
TEMPLATES:

The production of accurately for nl templates with
proper surface finish i+ the init ial requirement for copy
machining. The accuracy ol the desired profile and good
surface finish are of vital importance since templates can
transfer surface undesirabilities to the produced forms on
workpieces.

Templates thumselves, could be complex shaped parts,
therefore there is no single ordinary machining process of
producing them. They can however be praduced partly by some
of the conventional machining [Jruc.r_-sses such as sawing, shaping,
slotting, planning, milling and then finishing manuvally by a

series of combined sawing, chiselling, filling and rubbing with
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some sand paper till the desired shape and surface finish is obtained.
Advanced methods of producing tanplates is by muscrical
machining nsing numerically controlled machine tools, and of course
by copy turning opcrations [] I]. Tamplates can be made of metal or
hard wood,

Three templates with profiles shown in Figure 4.2 wore produced
in the worksiop of the departmun_l: of Mechanical Engincering,
Ahmadu Bello University, Zaria, and were usol for noa-ciccular boring
on the lathe.

‘The templates were produced from mild steel using manual
machining in conjunction with some conventional machining processes
as given in paragrazph two of section li.l.

The choice of the sizes and profiles of the templates shown in

Figure Li.2 is arbitrary. The templates were produced with a surface

finish of 1.5HM .
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Fig-4-2: Profiles ot templates

All dimensjong are
in mm,
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4.5 THE NON-CIRCULAR BORING ATTACHMENT :

The non-circular boring attachment is shown in Plates III and IV.

Bracket 5

Hydraulic power cylinder 1

Current cable 14
Hose 7B
Hose 7a

Chain
drive

fiydraulig pump unit 6

\ ' -
Copying slide 2 ' £
Adjustable slide 3 1 . '

Machine t@ol slide 4

Plate ITII: Side view of the attachment,



Mechanism for adjustment

Control lever for of depth ef cut

Hydraulic power cylinder

Adjustable tool
Hydraulic power slide B

cylinder 1

Boring tofl 10
Hose 7b
Work piece

Template 13

Tracing stylus 12
Power shaft

Plate TV: Back view of the attackhment.

11
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From plate II1 the hydroulic power cylindor | ismade integral
with the copying slide 2, Slide 2 was mounted on adjustable slide §
by means of male and female dovetat) way provisions on slides2 and 3
respectively. This arrangement permit s copying slide 2 to slide freely
along the dovetail ways when operatoed by the power cylinder., Slide
3 was again mounted on the machine tonl slide 4 (crosa slide of the
lathe) by means of T=slot provisions nsed in conjunction with bolts
to hold the two slides together, Bracket 5 was also used in conjunct ion
with bolts to hold slide 3 integral with machine ool slide 4.

The hydraulic pump unit 6 in the foreground contains the pump
and tank, and the main relicf valve. Jt is connected by two hoses 7a
and 7b, One for delivering hydraulic oil to the power cylinder and
the other for draining excess o1l to ‘the tank,

Adjustable slide 8 (plate IV} 1s mounted on the copying slide 2
by means of male and female dovetail ways. It is provided with
features for mounting the Loring tool and a mechanian 9 for adjustment
of depth of cut.

The boring teol 10 was mounted on its post longitudinal-axially
to the workpiece 11 which was held conventiocually in the chuck betore
the boring aperation commonced,

Before boring, tracing stylus 12 was arrangei by adjustment of
slide 4 to contact ctemplate 13, so0 as to follow in detail the
templatds contour from one end to the other wlong the feed direction

of the loring toul,

4.6 THE ACTION OF TRACEK CONTROL:
Based on the practical set-up arrangement described in

section 4.8, the outline qiven in Figure 1.3 illustrates the

principle of tracing control during the boring operation,
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Power shaft |
Template
Follower T [‘P
_ Spring
Stylus 1
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Q@ . \\‘* S—— “\ 7 — Feed back bar
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Tracer head—
Spool valve to ,
contral the pressure s 7
ports ,E %
2 Ll Tool post
. %
7 P A [
<Machine tool frame % 2 (A -
A /] ———
I .

L R R ]

Ltcpy'mg slide

—Piston rod
Power cylinder

Fig. 4.3. Tracing control principle of the
set-up arrangement.

The feed back as can be seen from fiqure 4.3 is formed by
fixing the tracer head to the copying slide of the lathe, and functions
when the stylus contacts the template to close the loop. The tracer

head is mounted on a feed back bar bolted to the copying slide,




The system iz in equilibrium when the stylus spoocl blocks the
pressure portg &5 shown in Figure 4.3 and will remain so as long as
the stylus is in contact with the parallel portien of the template.
When the stylus encounters a ramp due to the rotation of the tamplate,
it moves to the right from the null point to copen the left, port to
cil under pressure, The main piston now moves tec the right taking

with it, an action which in effect is an attempt to close

1 -

the slide
the pre;sure port to restore the balance, That is the error of the
stylus from the null position is endeavouring to zerc the difference
between the input and the output, The combined action is continucus
until the stylus reaches the end of the ramp, The retraction of the
stylus ceases thereafter and the slide closes the left port to zero
the error, thereby restcring the balance for the stylus travel along
the parallel portion of the tamplate. When the stylus fe;ches é
depression, the action is repeated but with the stylus and slide moving

to the leftr. 1In practice the horing tool would have been profiling the

workpiece when the longitudgnal motion is provided.by the machine tool slide.

4.7 TESTING OF THE NON=CIRCULAR BORING_ATTACHMENT:

The boring operation was done by starting the hydraulic

pump through the current cable 14 (Plates III and IV) by turning

on the current switch. Individual depths of cut rénging from
C.1lmm tc 2mm together with individual feed rates ranging from

0. 04mm/rev to 0.374mm/rev at desired spindle speeds such as:

22.4, 31.5, 45, 63, 90 and 180 revolutions per minute were
taken for sach cycle of horing operation. With several machining
cycles and controls such as terminating the end of a boring

cycle and restarting, the desired sizes, correct profiles and
surface finigh of the workpieces were obtained, : -}
4

i
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Lathe chuck
Workpiece

Boring tool

A four Lobed bore was
being obtained.

Plate V: An aluminium workpiece as it was being bored in the
Laboratory,

Plate V above shows how an aluminium workpiece was being bored
in the laboratory while Plate VI below shows various shapes of non-

circular bores of uniform cross section produced from aluminium, brass

and mild steel. m
W IEET L
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Aluminium Steel Brass

Plate VI; Shapes of some of the produced non-circular bores.

4.8 COMMENTS AND CONCLUSIONS:

It was observed during non-circular boring operations
on the lathe, that the cutting action was not continuous at the
start of boring which is the start of profile machining. The
cutting action started at the points corresponding to the
highest rise of the templates and proceeded gradually to the
least rise, Thereafter the cutting action was continuous around
the periphery of the bore, which is the full profile stage of
machining. The bores were produced with either enlargement or
reduction of the size of the templates. The size of a template
is therefore immaterial to the size of a non-circular shape to
be bored. One limitation imposed on the production of templates

is that the curves and recesses forming the surface contour of

the templates should not be too sharp or steep respectively, so
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as to prevent the stylus from following in detail over the entire
surface profile. It is preferable to use small=-sized tauplates
50 that the rise of the boring tool shall not be too much for the

pre-drilled holes which are amall in diameter. For the non-circular

boring on the lathe the pre-drilled holes had to be larger than the
diameter of the individual bolr.‘i.ng tools so as to give room for the tool
actuation according to the specifications of the template or programme
medium, .
Boring operations were attempted for all the twelve speeds of
the lathe, from the least speed of 22.4 Rpm to the highest speed of
1000 Rpm., Increase 'in system vibrations and consquently the
difficulty of the tracing stylus to follow exactly the contour of
the template at high spindle speeds, limited actual boring
operations to low spindle speeds such as: 22.4, 31, L5, 63, 90 and
180 revolutions per minute,

It is known that all servo-control systems with feed back are
inherent to instabilities(25]. ‘I;Imerefore.tha difficulty of the
tracing stylus to follow exactly the contour of the template at high
spindle speeds could mainly be due to increase in system vibrations
which resulted to instabilities in the attachment which works on the

principle of a servo mechanism, |
The chain drive system operated at all the twelve spindle speeds

of the lathe., The drive was very @mcolh, no slippage and clamping of
the chain were observed during the entire boring operations. In fact

the chain method of power transmission 1s reliable and meets all the

speed demands for non-circular boring on the lathe., The observed

speeds, attained to drive the template vary from O to gver 1000 revolutions
per minute.,

Different shapes of non-circular bores of uniform cross-section

from different workpiece materials have been produced.

-
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CHAPTER FIVE

ANALYSIS AND MEASUREMENT OF FORCES

INTRODUCTION:

In order to put the analysis of the metal cutting
operation on a qualitative basis, certain observations must be
made before, during and after a cut. The number of observations
that can be made during the cutting process are rather limited,
One of the more important measurements to be made is the
determination of the cutting force components [28].

The forces acting on the cutting tool are an important
aspect of maehining. For those concerned with the manufacture
of machine tools, a knowledge of the forces is needed for
estimation of power requirements and for design of structures
so that they are adequately rigid and free from vibrations,
Scientific analysis of metal cutting also requires knowledge of
the forces [30,36].

Boring is a machining process of enlarging a drilled hole.
In boring holes, the resultant cutting force FR, can be regolved
in three mutually perpendicular componenss., The force Fc which
is the vertical compgpnent of FR js the largest and the main
cutting componert; it determines the load on the speed gear box

meehanism of the machine tool, the torque M

tor, tné effective machining

power P_.. and the amount of deflection of the boring

ff
bar in the vertical plane., The radial component Fr of the resultant
cutting force F'R determines the amount of tool spring away from

the work and the amount of the boring bar deflection in a horizontal
plane. The axial component r-'a is directed along the spindle

axis and determines the load on the fieed meehanism, The components

Fc Fr and Fa depend on the properties of the material being
r
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machined, chip cross-section and the geemetf)y of the cutting
element on the tool. These compenents increase with the hardness and
strength of the material, depth of ecut and feed rate [26]. It has
been found by studies and practice that the increase in the depth of
cut has a considerably greater effieet on the cutting force components
than an increase in the rate of feed. In addition to the above factors,
the components Fr and Fa are appreciably affected by the plan approach
angle ¢ , side rake angle us . and the amount of wear o on the
flank and to a lesser degree, the nose radius n . When the plan
approach angle is increased, the radial component F‘r, decreases and the
axial component Fa increases. An increase in the angle a_ diminishes
Pr and F‘a. More intensive wear on the flank 4§ tends to increase the
forces E‘r and I-‘a [26].

In the last ninety two years many dynamometers have been
developed, capable of measuring tool forces with considerable accuracy
[24,25]. In general dynamomenters must measure at least two force
components in order to determine a two dimensional resultant cutting
force. With boring, the force Fr has been found to be very small
compared to Fc and Fa [24,39]. In this case the cutting oeperation is
essentially two dimensional. Dynamomenters are available and can
measure precisely the values of Fc and Fa. With the measured values of

F_ and F s the resultant cutting force F effective Wachining power Peff

Ri‘

syecific cutting energy Ps' torque on the spindle "tor and the rate of

metal removal ¢ can be obtained as follows:-

2 2 4%
r = [I-‘c +F 1% i (5.1)
Peff = FC VC H (5.2]
Fe Fe
Ps = o il (5.3)
c

Mtor = Fc. D; =— {5.4)



0 | = f.d.l Vc ; and —==——=e{5.5])

Ve - B - (5.6)

where;

Fc = vertical component of the resultant cutf:jng forces;
Fa = ' axial component of the résultant cutting force;

Vc =  cutting speed;

£ = feed rate of the cutting tool;

d =  depth of cut;

D a diameter of the hole being bored; and

n - spindle speed in revclutions per minute.

For the case where the boring tool does not cut continuously
round the entire circumference of the hole being bored, per

revolution of the workpiece as it cccurs at the start of ﬁ(ln—r?irc'ujlar

boring, equations (5.2} and (5.5) are modified to take the form:

Parg = Ko FoV,  mememmmees (5.7)5 and ,

Q = . K'-.fn_d- Vc [P —— (5.8) . _:. i |

Where K is the proportion of workpiece-tool contact lenglh to the
circumference of the hole per revolution of the workpiece, K can be found

by good cbservation and estimation during the boring process oxr by

e

measuremeant,

5.2 MEASUREMENT OF CUTTING FORCES:

In general, unless some sort of mechanism is usged,

force measurement actually involves the measurement of a
deflection with suitable calibration between force and the
deflection it produces [28]. In most dynamometers the

force is appliad to some sort of spring and the deflection

thus produced is measured. |
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Cutting forces were measured in the laboratory using the
sigma cutting tool dynamometer type MK 1II. The dynamometer was
rigidly mounted on the tool post and slightly modified to hold the
boring tool rigidly and longitudinally to the the axis of the workpiece

which was held conventionally in the chuck as shown in Plate VI below.

Meter indicator
Electrical transmitting cable
Steel workpiece

Boring tool

Dynamometer head

Plate VI: Laboratory set-up for measuring cutting forces

using sigma cutting tool dynamometer.
The vertical and axial components of the resultant cutting
forces were instantly recorded on the vertical and -axial

indicators

of the meter during the cutting process.
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Bid RESULTS AND DISCUSSIONS
5.3.1 Results:
The results for the experimentally measured values
of the cutting forces in Newtons(N) under different known
cutting conditions of spindle speed, feed rate, depth of cut
and hole diameter during non-circular boring operations, together
with corresponding calculated parameters using equations
(5.1) to (5.8) at the start of profile machining and full
profile machining are tabulated in tables 1 and 2.
TABLE 1: giz'f.l_ljgﬁ_f.‘gl_?gs, MACHINING POWER, SPECIFIC CUTTING ENEEE_}_‘_{
&Iﬁg HET&I_;_I}__EHWAL RA’I_‘E AT THE START OF PROF_I_LE MACHINING
(a) SPINDLE SPEED VARTATION: Feed rate = 0.067mm/rev
Depth of cut = 0.2mm
EP;EgLE l Fc [ Fa l FR [ peffl Ps l g l vc 1
Kiaw) (n3 ) [N]) | [N} & (w] [GN/wzl /2] | fosa) [m:]
22.4 | 65 |20 | 68 | 0.3 {0.37 | 4.85 |0.076 0,019 | 16
3;.5 62.5] 16 64.5| 0.35|0.59 4,66 0,127 0,027 l16.4
45 | 55 |15 | 57 | 0.45(0.99 | 4,1 |0.24 0,04 16.8
€63 42.5) 14 44.7| 0.6 |1.45 3.17 0.46 0,057 17.2
90 40 14 42.4| 0.7 |[2.32 2,98 0.78 0.083 17.6
B) e o BV B L B g Feed rate = 0.04 mm/rev
Spindle spead = 90 Rmm
Average cutting speed = 0.1036m/S




DE?E? oF F.«| F, FR ol x *|Pesst Py : T ? D
(e | 03|07} N2 p[wDpfen '] | [m/s]) [m]
0.2 18 5 18.7 |0.4 [0.76} 2.25 0.33 21.3
T 0.3 22.5 | 7.5| 23.7 |0.45 [1.02] 1.875 0,55 T21.5
0.4 30 7.5| 30.9 |o.5 |1.53| 1.875 0.86 21.9
0.5 35 10 36.4 (0,55 |1.99] 1.75 1.14 22.1
- ———-r —— e ——— o —— o ——
0.6 37.5 |is 40.4 |0.65 |2.54]| 1.562 1.75 22.5
(e) FEED RATE VARIATION: Depth of cut = 0.1mm,
Spindle speed = 45 Rpin

Average cutting speed = 0.0895 m/S.

F%ﬁ/?fi F:: 1 P‘a' 1 FR K Jpeff. 952 1 g ‘ v
]| ][N [w] fum] | [om"/8] |  [mo]
0.067 17.5]| 5 18.2 0.2 |0.31 2.61 0.12 13
—;I;;--_1--;;_T12.5 32.5 | 0.3 |0.81 | 2.36 0.34 13.4 i
0.214 | 37.5(17.5) 41.4 g.3511.2 1.75 0,67 1;.:8
SRl |
0.291 45 20 49.2 0.5 [2.01 1.43 Y53 14.2
0.374 52.5122.51 .57.1 0.6 2?;;--‘-1.404 2.0 -14.6 )

TABLE 2: CUTTING FORCES, HA(EH_ENIHG POWER, SPECIFIC CUTTING ENERGY
AND METAL REMOVAL RATE AT FULL PROFILE MACHINING

(a) SPINDLE SPEED VARIATION: Feed rate = 0.067mm/rev

Depth of cut = 0,2mm

— —— —_—

SPINDLE | . | F. { Fg i Pogp] Pu -] @ 5™
wem | of I0d | od | Sl el el | me

[ __22.4 72,5 25.“76.7 2.22_ 5.41 -r_i);42 33:5 9__0_3-].,
31.5 70 255 (74.3 3.01_ 3.22 | 0.58 25.9 0,043
45 62.5 | 20 [65.7 3.; -4-.:;:;—"-515-3— 26.3 C’.OE»:.’-”_-1
! 63 50 17.5.58 il ;- 4 3,73 1-.-2"“_52::“""-0-.&-“'

90 45 15 ];7.4 5.76.|3.56 | 1.7 27.1 0.128
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(b) DEPTH OF CUT VARIATION: Peed rate = Q.04mm/rev

Spindle speed = 90 ppm
Average cutting speed = 0.1625m/S

- -—--;—4-————-———1-

DEPTH OF CUT F F P P
Em] c ' a | R eff { s, Q3 D
[n] [n] 5] 1 [w] [eN/m] |[mm”/s] [
)
0.2 20 5 20.6 3.25 2:5 _}”._02.___ _2213; ______
0.3 25 T3 _26.1 4.1 2,08 1.95 ¥ 33.5
0.4 32.5 10 34 5.28 2.03 "_3.6 "_34.4
Lo ;5 40 17.5 43,7 6.5 2,00 3.25 32;2 ______ |
0.6 42,5 ¥i.5 46 6.9 1.77 3.9 36.2
(c) FEED RATE VARIATION: Depth of cut = 0. ik
Spindle spead = 45 Ry
Average cutting speed = 0,0735mn/S
FEED RATE F F P P o} D

F
il | o] Lpd [ | fewred |fess] | Dol

\ )

___0.067 17.5 | 7.5 | 19 1.3 2.6 | 0.15_ 30.4
0.127 30 12,5 ) _232.5) 2.2 2.36__| 0.95 30.8
___0.214 35 15 38.1| 2.6 1.64__| 1,57 | _31.2_
0.291 47.5 | 22,5 | 52.6| 3.49 1.63 | 2.15 31.6

0.374 55 22.5 | 59.4 4.1 1.47 | 2.75 32

The calculated parameters, for example were obtained as follows:
From table 1, for f = 0.067mm/rev, d = 0.2mm, n = 22,4Rpm, . The entire

hole circumference was 50.24mm, workpiece tool contact length per revolution

of the workpiece = 15mm, E‘c = 65N, Fa = 20N, and D = 1l6mm,
K = Workpiece tool contact length _ 15 = 0.3
The entire hole circumference 50.24 °

Using equation (5.1),

N
"

2 + #2% = [65% + 20°]" = eon
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Using equation (5.6),

IIbn 3,.14(0,0186) (22.47
= = o = Q.09 3
vc 60 60 w/S

From equation (5.7);

F = K.F V = 0,3(65)(0.019) = 0.37W
eff cc

Using equation (5.3},

P . Fc - 65
- 3

2
s f.d 4,85 Ghfs

]

3

0.2x%10° “x0,067x10

Using equation (5.8),

0
]

k.f.d.v ;
(

0.3(0.0167) (0.2) (19) = 0.019%mm>/S

Lo}
f

From Table 2a: for Fc = 72.5N; Fa = 25N; n = 22,4 i
f = 0,067mm/rev.; d = 0.2mm; k = 1; and D = 25,5mm.
Using equation (5.1},
2 24% 2 21%
F = |IF + F = 2. + = 76,7
o = [+ F]] [72.5% + 25°] N

From equation (5.6),

_ Ibn _ 3.14(0.0255) (22.4)
Ve 60 60 0.031m/s
From equation (5.2},
Peff = FC.VC = 72.5(0.031) = 2.25W
Using equation (5.3),

= -

S . 65 . 5

PS f-d 3 — 5c4l Gﬂ/m

0.2x10 0. 067x10"

Using equation (5.5),

Q = £.d._ = (0.067)(0.2)(31] = 0.42mm> /s
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In a similar manner, all the other parameters given in Tables 1 and
2 were obtained.
Figures 5.1 to 5.1B show graphically the results of
experimentally measured cutting forces; computed machining power,
specific cutting energy and rate of metal removal for non=circular

boring on the lathe.

5.3.2 Discussions:

Figures 5,1 to 5.3 show the effect of spindle speed,
depth of cut and feed rate variations on the cutting forces
at the start of non-circular boring when the boring tool was
cutting intermittently round the hole circumference. Figure 5.1
shows that the cutting forces decrease linearly with increase
in spindle speed for a given depth of cut and feed rate. The
decrease of cutting forces with increase in spindle speed is
due to the decrease in frictional forces between the tool and
workpiece at higher spindle speeds, hence the efficiency of
cutting from available effective machining power increases.
Figures 5.2 and 5.3 on the other hand show that, at this stage
of boring, cutting forces are directly proportional to increase
in either the depth of cut or feed rate. The increase of cutting
forces with either increase in depth of cut or feed rate is
mainly because frictional forces between the boring tool and
chips is higher at higher depths of cut or feed rates, thereby
requiring higher forces to partly overcome the frictional
forces in order to cut the metal,

The effects of spindle speed, depth of cut and feed rate
variations on cutting forces at full profile stage of boring

is shown in Figures 5.4 to 5.6. Figure 5.4 shows that cutting
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GRAPHS OF CUTTING FORCES AT THE START OF PROFILE

MACHINING : TABLE 1.

O : Resultant cutting force fi
x = Vertical component! of the resuliant

e cutting force F:
O\\O\ * = Axial component of the resultant
. N cutting force f3
z =W
: S~
5 Tl 3
:;“.0 — FC H‘&
[ =
o Ferd rate = 0067 mm/rev.
3 Depth of cut =0-2mm
204 .
- SO L .
fa
] 1 1 ' J
20 40 ' 60 80 30
Spindle speed Rpm
Fig.5.1'Cutting force vs spindle speed
fa
= Feed rate = 0-04mm/rev- l
5“0 1 Spindle <peed =90 Rpm o Y
3 e =" ’.\
2 ._,:_,,—:’—’f’ FC‘
o = X
5 o
- e °*
S
= P L 1 1 | E ]
0. 0-2 03 04 05 06
Depth of cutting (mm)
Fig-5.2: Cutting force vs depth of cut
60 - F.
R
Depth of cut = 04 mm
-~ Spindle speed z4SRpm
z s
5 R
5
(&) 20+ q " f/‘/r/
"'J.’.-'
/ B F;
2
1 1 ]

1
04 n.2 14 0-4
Feed rate (mm/rew.)
Fia.5.2:Cutting forc? vs feced rate



GRAPHS OF THE CUTTING FORCES AT FULL PROFILE

MACHINING TABLE 2.

13

O : Resultant
80 x =z Vertical component
2§ ﬂ\ e = Axial component
6ok \\/F; Feed rate =0-067mmireyv.
Z \\‘_ Depth of cut =0.2mm
Y O\H
8 /'E-—*‘O
5
O
. s
20f- o
y\w’_‘
L__ 1 1 3 1 . |
20 40 60 80 100
Spindle speed (Rpm)
Fig-54:Cutting force vs spindle speed
or e
40k Feed rate =0-04dmmirev F;‘ 0;;‘:_,/—""
> Spindle speed =90 Rpm el
- -~ _,‘-/A \ i
v o ;;::/’9 k
-.-5 - :Qr’
o 20 ¥ » »
€
(8] . E
! 1 b | L 1 .|
0 02 03 (}-2 0-5 06
Depth of cut {mm
Fig-5-5 Cutting force vs depth of cut
60 /0
I
= ~ 4 Depth of cut z0-1mm
3 P Spindlc speed =45 Rpm
5 4Of e
- /'.{
- /?/
< /"\
20} /Q L
- " b\‘_
. 2
1 | A A 1
(83 02 1 04

Feed rate(mmirev )

Fig 56 Cutting force vs feed rate
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forces at this stage of machining also decrease with increase in spindle
speed. The rate of decrease,as can be seen from Figure 6.4, reduces at
higher spindle speeds. Figures 5.5 and 5.6 show that, cutting forces,
g% the fullaprofil "= ~"machining decrease linearly with increase

in either the depth of cut or feed rate.

Effective power required to cut in non-circular boring
operations on the lathe at the start and full-shape profile stages of
machining is juxtaposed in Figures 5.7 to 5.9, From the Figures it can
be infered that the effective machining power in all instances of
spindle speed, depth of cut and feed rate variations is higher at the
full-shape profile machining than at the start. This is mainly because
the volume of metal removal per unit time at the full profile stage of
machining is higher than that at the start, hence more power is needed to
cut more metal per unit time at the full-shape profile stage of
machining. From the Figures,effective power required to bore in all
instances increase with either increase in spindle speed or depth of
cut or feed rate.

Figures 5,10 to 5.12 shows the effects of gpindle speed or-depth
of cut or feed rate variations on the specific cutting energy at the
start and full-profile stageSof machining. Figure 5.10 shows that the
specific cutting energy decreases with increase in spindle speed, The
dscrense. > can be seen from the Figure becomes less as the spindle
speed increases further. The decrease in specific cutting energy with
increase in spindle speed is because, cutting forces required to cut a
given fixed cross-sectional area of cut decrease with increase in
spindle speed. Figures 5.11 and 5.12 also show that the specific
cutting energy decreases with increase in feed rate or depth of cut.

The decrease here is mainly because the proportion of increase in length
whist *%. cut is undertaken increases more than the corresponding

increase in cutting forces.
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GRAPHS OF EFFECTIVE MACHINING POWER AT THE 75
START AND FULL PROFILE MACHINING. TABLES! AND 2

e = Full profile machining
Start of profile machining
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4 / At full profile machining
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Fig.5.7 .Effective machining power vs spindle speed.
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GRAPHS OF SPECIFIC CUTTING ENERGY AT THE START AND
FULL PROFILE MACHINING . TABLES! AND 2 -

e = Full profile machining
x = Start of profile machining

\ At full profile machining

-
At the startot profhile machining

N
1

~
L]

Feed ratez0-067mm/ rev
Cepth of cul = 0-2mm

1 1 1 1 1
20 40 60 80 100
Spindle speed(R pm)

Fig-5-10:Specific cutting energy vs spindle speed

Feed rate = 0-0&4mm/rev
Spindle speed =90 Rpm

At full protile machining
AL :*:k“____-—-_::______ e s
P ” ————

At the start of profile machining
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Depth of cut (mm)

Fig.5-11.Specific cutting energy vs depth of cut
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Fig-512.Specific cutting energy vs feed rate
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GRAPHS OF METAL REMOVAL RATE AT THE START AND FULL
PROFILE MACHINING . TABLES! AND 2-

e = At full profile machining
x = At the start of profile machining

Feed rate = 0-067mmirev i
Depth of cut =0-02mm i
/'/4— At full profile machining
- g
./ _-w—___ At the start of profile
e — — machining
/*”‘-’/-i
l‘_n-- 1 1 1 !
20 40 60 30 100

Spindle speed (Rpm)
Fig-513: Metal removal rate vs spindle speed
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Fipally Figures 5.13 to 5.15 show the effects of spindle speed
or depth of cut or feed rate variations on the volume of metal
removed per unit time in the non-circular boring operations. Figures
5.13 and 5,14 show: that at both the start and full-shape profile
stages of machining, the rate of metal removal increases linearly with
increase in either spindle speed or depth of cut. For feed rate
variation, Figure 5.15 shows that the rate of metal removal increases
linearly with increase in feed rate at the full-shape profile stage
of machining while it increases fast but in a non-linear fashion at
the start of non-circular boring. The difference between the rate of
metal removal at the start and full-shape profile stages of machining is
because, at the start, there were times when the tool was idle whereas
at the full profile machining stage, the tool was always engaged in

cutting action with the workpiece.

5.4 FORCING FUNCTION OA/THE BORING TOOL:

At the start of non-circular Boring on the lathe, the
boring tool does not cut continuously but intermittently
until the full shape of the template is obtained. An
osscilloscope was used to display the waveform of the
intermittent cutting , using a cam type template shown in
Figure }‘ZC. This was done at a spindle speed of 22.4 RPM, depth
of cut 0.2mm, and a feed rate of 0,0dmm/rev. The corresponding
vertical component of the cutting force was 55N, The

pictorial wave form obtained is shown in plate VIII,
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F(t) =

662,65t for 0 gtgh.083

85 for 0.0B3 <tgQ,249

1300 - 5000t for 0,249<tg0.26
0 for 0.26<tg2.68

Tp = 2.68s.

80

M e P e s e (5- 9]

A periodic function like F{t) can be decomposed into

Fourier Series of the form [29]

7]

- + (s cosfpne /TJ + bnSirQnHt/T‘p

where a =
O

o
!

——— (5.10)
T /2
-%-S ¥ p(t)at —emmem===(5,11)
p er /2
. IJ
T /2
2 P
- S i"tthOacannt/TJdt - ———————— (5.12)
p -Tp/2
T /2
2 P e
- j F(t)Sir@n t/-rlpt -- — -——(5.13)

Py
p

From equation (5.11),

Using equation

0.083
2,68

1 [662.65(0.083]2

.249 .26
= [ } e62.65¢at +JD 55dt +f (130050008 )dt ]
0 0. 083

0.249

+ 55(0.166) + 1300(0,011) -

2.63 2
5000 2 2,
=—(0.26°-0,249°1]
4.37
{5.12%,
0.083 0.249
2
E—Es[ 662,65tCosfnlit /2. 68t + j 55Co2nlit /2, 68dt
$ 0 0.083
0.26 2.68

+.§ (1300-5000t) Cosnlit/2,68dt + Soc:osenntfz.east]

0,249

0.26
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222 [c050.186Tm-Co50. 194TIn+0.1325C0 80, 06211n-0.1325] -=-(5.14)
MTn

0,083 ;. 0.249
bW [S 662. 65t sirpnlit /2. gt 4] ssirgnie /2. edar
) .

n 2.68
0,083

0.26 2.68
+ (1300-5000t ) SirZnllt /2. 68dt + 5 0Sin@nlit/2. 68at ]

0.249 0.26

= Z%5in0.186Mn-5in0. 194040, 132581n0. 0621ln] === ===-== (5.15)
Tn

The equation describing the forcina function LYY on

the boring tool at the start of non-circular boring on the lathe is therefore

given as:

6700.. =
5% ngl{ (Cos0,186/n-Cos0.1941n+0,1325C0s0. 0621In
n B

F(t) = 2.185 +

- 0.1325)Cosfnllit/2.68)+ (Sin0.186lln = Sin0.1941n

+ 0.13258in0.062Mn) Sinlnlit/2.68)} -- —— (5.16)

55 CONCLUSTON

The cutting forces and machining power required for non-circular
boring on the lathe has been measured or computed respectively
under various cutting conditions. The results show that cutting
forces decrease with increase in spindle speeds, but increase
with increase in depth of cut or feed rate. Trent and
Kronenberg [57.30] have observed for the case of conventional
turning and milling operations that, at low cutting speeds,
cutting forces are inversely related to cutting speeds, and in
all instances the forces are linearly dependent on feed rate or

depth of cut variations.
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CHAPTER BIX

VIBRATION ANALYSIS

6.1 INTRODUCTION:

Cne of the attendant édverse effects during the process
of machining is vibrations, This can be particularly true for
a machining method that haa iust Been developed and tested,
where substantial energy is being transfered in the absence of
any mechanical damping.

Vibration is a nuisance to metal cutting and can be
demonstrated on any chip producing machine toel. Metal cutting
vibrations give rise to severe production problems from a numbker
of perspectives. For example, viBration of the cutting tool relative
to the workpiece can cause not only unacceptable surface imperfections
kut dimensional accuracy, tool life reduction, noise and even
machine life. The literature accounts of the adversities and
devestations caused by vibrations to engineering structures and
systems is plentiful [11,12].

In the above light of the bad effects of vibrations in general
and with particular reference to metal cutting in manufacturing,
its analys}s and measurement is necessary.,

The analysis of vibrations and its entire ramifications is
a topic of its own, is complex, and is not subject to simple
analysis. We therefore consider the simplified analysis amnd

measurement of the vertical vibrations of the boring tool.

6,4 VERTICAL VIBRATION OF THE BORING TODE_:
’ Vibrations toc be measured can be classified as either:
(i) periodic:
(i) shock or transient:

(iii) randem or statistical.



a4

Of Lhese, porisdic motion 19 bhest understood, aml instruments
for measuring [requency, amplitude, velocity and acceleration or wave
slope are well developed [21]. In general peak acceloerations are of
prime importance, .

Generally in boring operations, the bar holding the tool has to
be long and slender and not as riqid as the thick and stocky tools and
tool posts used for most turning operations. The tool tends to be
deflected to a greater extent by the cutting forces amwl to vibrate.
VYibration of the boring tool could also result from periodic fluctuations
of cutting force that arise from discontinuous cutting, or from
imperfections of gears or bearings in machines. In the developed
auxillarly methaxd of non-circular boring on the lathe, vibration of
the boring tocl could also result {rom any instability in the hydraulic
servo-control systeom fl,zu,ul],

The analysis of the vertical vibration of the boring tool is more
important because the deflection of the boring tool is greatest in the
vertical plane due to the vertical component of the culting force,
Hence the tool temds to vibrate more in the vertical plane. Figure 6.1
below demonstrates the deflection of the boring tool under a vertical
cutting load due to the excessive but necessary overlung of the tool

during a boring operation,

sy

Tool post rigidly
fixed

\Bcnng toot

Fig.6.1:Deflection of boring tool under vertical cutting load.
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From elememtary elasticity, the maximum deflection of the

tool occurs at the end of the tool [33]3 and s given by:

F .13
= 52 Sl (7.1)
y 3 B N
wh e 4
where 1 = lldt /64 ——=(7.2)
F .13
64 ¢
Thenefore, ¥ = =— : P £7.3)
3E 4
Iid
t
wheree
¥ = deflection of the boring tool;

I = second moment of area of the tool's cross sectional areaj

dt = diamete of the boring tool;
F‘c = wertical component of the cutting force;
1 = overhang length of the boring toocl;
E = Young 's modulus of the tool material;

One of the boring tools used was a steel tool tipped with
carbide and had an overhang diameter (dt) = 15.5mm; E = 20x10101q/m2 [21],
and thc overhang length = 8Omm.
Therefore,

3
. -7
y = [ 64 T (o 08; ]Fc = 3 x 10 FC P T
3x20x10  N{0.0155)

The frequency of vibration (w) is given as [31,32]:

w = 2; a/¥ i - (7.5)

where, g is the acceleration due to gravity.
For example; from table la in chapter fiues for the wertical
component of the cutting force (Fc’ = 65N,

y = 3x 1077 % 654 = 1.96 % Y0 .
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Table 5 shows similarly obtained computed values of ¥.
From eguation (7.5),

w = 531/f,¢jb£L___ = 112.eHz

e sexio™

wWhen the boring tool is not cutting, its natural frequency of

vibrat ion (wn) is given as [31]

0 = : mgl‘l e — {7.6)

where:

m = mass of the boring tool;

E = Young's modulus of the tool material;

I = second moment of area of the tool's over hang length's cross
section;

g = acceleration due to gravity; and

i = overhang length of the tool.

From equation (7.2),

4
E  m n(o.2155) . & i 0

4

The steel tool tipped with carbide has the following specifications:
(i) overall length = 210mm;

(ii} shank length = 130mm;

(iii) shank section dimensions = 15.8mm by 15.8mm;

(iv) overhang length = B80mm;
(v) overhang section dimension = 15,5mm in diameter; and

{vi) density of tool steel = ?'ht):‘ﬂ(g,/m3

Therefore,

11(0. 01552 (0. 08) (7703)
A

+ 0,0158x0.0158x0.13x7703



m = 0.1162 + 0.25 = 0.366Kg.

2 . 2
q = 9.8lm/s, and E = 20 x 10 N/m
Therefore,

: 1€ -8
B _ 3.5 20x10 OxS.??xlO
-in - 2 A

0.366x9.81x(0.08)

]

15546,.23H2

6421 Measurement of vertical vibration of the boring tool:

The vertical vibratiens of the boring toel at the start of
profile and full profile machining were measured using a vibrations
meter, type 1433 A+4B, a preamplifier, type 1433/IC and an
accelerometer type, CPZE 323F, Plate TX below shows the
experimental set-up of how vibrations were measured in the
laboratorvy.

Steel workpiece
Accelerometer

boring tool

ransmitting cable

preamplifier

vibration meter

e - - - 3
Plate IX: Laboratory set-up for measuring vertical vibrations of the

boring tool,
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The procedure was to mount the accelerometer which is of the
magnetic type on the boring tool by magnetic attraction between them,
and indicate vibrational displacement, velocity and acceleration
during each cycle of machining. By selecting on the meter the type of
vibration to be measured and adjusting the frequency and scale ranges of
the meter, the meter reading was obtained. For each reading obtained,
the frequency multiplication factor and the reading on the meter
corresponding to the scale for which the rasading was obtained were noted.
The actual readings were obtained by multiplying the frequency factor
with the corresponding meter readings according to the scale.

Vibrations were measured in terms of displacement, velocity and
acceleration. This was done by varying one of the three machining
parameters: speed, depth of cut and feed rates, and keeping the other
two parameters constant., The measurements were taken at the start of
profile machining and at full profile machining using mild steel as

the workpiece.

6.3 RESULTS AND DISCUSSIONS:

6.3.1 Results:

The experimental results of the measured vertical vibrations
of the boring tool are given in Tables 3 and 4., The computed
values of displacement of vertical vibration using equation
(7.4) co mpared with measured average values are given in"pable

5. Graphical presentation of experimental results 1s shown in

Figures 6.2 to 6.19.
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TABLE 3: MEASURED VALUES OF ?‘Hg_zngICAL VIBRATIONS OF THE BOB_I'lgi TOOL
{\'T THE START OF NON-CIRCULAR ‘BORING (B‘!’AS_I'*O_F; PROFILg ﬁé(_:l-lp_llg(;]
(a) SPINDLE SPBED-'VARIATION
Depth of cut = 0.2mm
Feed rate = 0,107mm/rev
+ ——— - - —— ——————— —
SPINDLE SPEED | DISPLACEMENT VELOCITY 1 ACCELERATION
- -3 1
e x10°[w] 10" [m/8) [m/s®
3 A S ——— - - - ———-f 'lp-—
- AVERAGE RMS AVERA.QE | __EEE__. _AVERAGE | RMS
22.4 1.5 0.9 1.9 1.6 1.3 1.4
P ——————————— —— , —— - - —
31.5 2.8 1.2 3 1.4 3.4 3
————————— - . —— --—ip'—-f ———— e = e = —
45 4,2 3.1 4.2 3.9 6 5.8
b e ——— o ——— e e o —— -— —— —
63 6.1 6.2 Tad 75 8 8
—— -——7 —————— pe = ——— . —— —— ——r e —————
90 10 9.5 11.6 11.4 8 10
- e . s ——— -t — —————— - ——— e = —————
(b) DEPTH OF CUT VARIATION
Spindle speed = 45 Rpm
Feed rate = 0,067mm/rev
]-*——-————'—————-P—— - --—--f---y e e e e e s e e e e
i DISPLACEMENT VELOCITY ACCELERATION
DEPTH OF CUT -6 -3
- x10 x10 /S 5
L] [ /5] /s’
AVERAGE RMS AVERAGE RMS AVERAGE RMS
—— ———— g e — - s ——— o —
0.2 0.35 0.28 0.65 1.4 0.9 1.3
- <L— — L ——J ﬂﬂﬂﬂﬂ —l-—————————‘p——-———
0.4 0.75 0.8 1.7 2.2 2.4 2.4
0.6 el 1.3 2.3 2.8 3.6 3.9
——— -v--—Jb —— ————— —-L———— —— —— —_—— —— ———
0.8 L3 1.2 3.2 3.8 4.9 4.6
e ——— —— e —— e —— - —— — —_— —— e e e
1 b | 1.9 4 4.3 4.6 B5e2
- s - O s e i i i | P




(c)

FEED RATE VARIATION

————— - —

90

Spindle speed = 63 Rpm
Depth of cut =  0,lmm
——— --"* --------- { ----- —— ——— — r-
DISPLACEMENT VELOCITY ACCELERATION
FEED RATE -6 e 2
g X10 " [] %107 [m/s) [w/s7]
AVERAGE RMS AVERAGE RMS AVERAGE RMS
- - - —— — ——— e ———— — — ——— o p————— —
0.06 Ll 0.8 0.81 0,92 3.5 3.5
_____________ e e e e G - e —— ——— - P._,_.__ - - —— pa—
J 0,160 1.7 1.5 1 2.6 2.8 4.8 4.9
L—--—— —— —-lr — ———w ———— e e — e ——— —— —f
0,214 L:7 1.4 3.2 3.2 5.9 6.3
1 ——————————— —— T ————— — - 1P— — e ——— N — ————————— i ———————
0.241 2 2.1 3.9 4.3 6.5 6.7
—————————————— 1..-—---—--4»--—-1--—-———————qh-—.—--—-——— r————-—-——dl-—l———-———qp——---
0.267 2.6 2.6 4.8 5.5 6.7 ) Tad
TABLE 4: MEASURED VALUES CF THE VERTICAL VIBRAEZONS gf THE_EORING TOOL

WHEN IT WAS CUTTING CONTINUOUSLY ROUND THE HOLE CIRCUMFERENCE

(FULL PROFILE MACHINING)

—— e ——

(a) SPINDLE SPEED VARIATION
Depth of cut = 0O.2mm
Feed rate = 0.107mm/rev
DISPLACEMENT VELOCITY ACCELERATION
SPINDLE SPEED - -3 2
: x10" fm] x107 fass ] hrs]
[Rem]
AVERAGE | RMS | AVERAGE | _RMS | AVERAGE | _RMS|
22.4 Le2 1.4 1.5 2:5 1.4 0.9
31:5 2.3 2o 2.6 2,7 2.8 2.6
1.————-— - —— -
45 4 3.8 4 3.8 a3 P
63 4.9 5.4 6.8 6,3 r 5% 7
- —;r-— —— — —— ————————————— —
90 8.6 J 8.2 10,1 10.6 7.4 2.5
(NS [P [ | i s i e Sl i i
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(b)  DEPTH OF CUT VARIATION
Spindle speed = 45Rpm
Feed rate = 0,067mm/rev.
DISPLACEMENT |  vemocrry | AcceremaTion |
DEEE::]OF cuz ‘ xio-'f’[".‘] xl(l-}:-f /8] [m/52]
)| AVERAGE RMS AVERAGE RMS _AVERAGE RMS_ |
0.2 0.28 0.31 0.59 0.5 0.8 0.92
| 0.4 - 0.61 O.‘J’; 1.4 ) 1.1“ “2.2 1.;--
0.6 0.98 1.;---¢ 1.8 _;.B 1.3 3.4
[ o R 11| 2.3 | 2.4 | a1 |30 |
------ :(-)“- | 1.9 .; 3.8 3. ;---.---;:;-—‘--:;--—-—
(c)  FEED RATE VARIATION
Spindle speed = 63Rpm
Depth of cut = 0.lmm
1 DISPLACEMENT ] vm.oé.;;; -;;;;;;;;;;;ﬁ[
léfmm;rg'r? x10"°f] 10" o /5] E /%]
AVERAGE .1 RS AVERAGE | RMS __1_ AVERAGE | RMS |
0.06 0.8 0.8 0.7 0.9 1.9 2.8
0.160 1.3 1.4 2.1 2.5 ;?; 4?;--T
0.214 1.5 1.4 - ;?;--- 2.9 —-;?;“-- 6.1
0.241 1.8 -2.0 o 3:;- 3.6 5.4 - 5.8
0.257 2.5 2.3 3.3_”- 4.9 ;.1 6.9
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TABLE 5: MEASURED AND COMPUTED DISPLACEMENT VALUES OF THE BORING TOOL

AT SELECTED CUTTING CONDITIONS

T I T DISPLACEMENT —r
| CUTTING ] F_ | E‘_‘] |
| CNPRELON | [n] l COMPUTED USING | MEASURED |
[ | | epvarron(7.4) | __(AvVERAGE) __ |
| | I | I
=  90Rpm
| " | | l |
| =  0.04mm/rev. | 18 | 5.4x10"° | 0.35%10°° |
a = 0.2
| e | N, B "
| | | | |
n = 90Rpm

I = 0.04mm/rev. | 30 | 9% 10 | 1.7 x 1078 |
| @ = 0.4mm [ ] | |
fommeee —— - - e e —
| n = 22.4Rpm | [ | |
| £ = o0.067mm/rev | es | 19.5 x 10°°] 2.9 x 10~ |
| a = 0.2m | | | |
T ] NS T T
[ ® = " | l J |
| = 0,04nm/rev. | 35| 11.25x10"° | 6.3 x 1077 |
l d = 0.6mm ] I I |
1 | I [T T
j ® ™ . | | l |
| = 0.067mm/rev. | 17.5 5.25x10 ° | 0.32x10"° [
| = iam | | | |
g T B | o TTTTTTTTTTTTTTT
| BT - | | | |
| T | 2.5 | 6.75%10 ° [ 1.2x10"° l
1 d = 0,3mm I |
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Discussion of Results

At the start of non-circular hnbigi

= e — o ——

At the start of profile machining, Figures 6.2 to 6.4
show the effects of spindle speed variation on the vertical
vibrations of the boring toocl. Figure 6.2 shows that the vertical
displacement of the tool vibration increasegswith increase
in spindle speed, the average values of which appear higher than
the root mean square (RMS) values. From Figure 6.3, the velocity
of vertical vibrations of the tocl increasessharply and non-
linearly with increase in spindle speeds The average velocity of
vibrations as can be seen from the table and graph, appear a
little higher than the RMS values. From Figqure 6.4, the
acceleration of tool vibrations also increasegwith increase in
spindle speed; here the increase is non-linear but in a more
relaxed form towards higher speeds compared to variation in
velocity of tool vibrations with increase in spindle speed. The
average values of the acceleration of toel vibrations appear to
be the same with the RMS values.

From Figure 6.5, the displacement of vertical vibrations
of the tool increaseglinearly with increase in depth of cut.
Figqure 6.6 also shows that the velocity of vertical vibrations
of the tool increaseglinearly with increase in depth of cut, the
RMS values of which appear higher than the corresponding average
values. The acceleration of vertical vibrations of the tool as can
be seen from Figure 6.7 increasesrapidlydmdigdirectly proportional
with increase in depth of cut.

Figures 6.8 to 6.10 show the effects of feed rate variation
on the vertical vibrations of the boring tool. As can be seen
from Figure 6.8, the displacement of vertical vibrations of the

toocl increases with increase in feed rate. The increase is linear



Displacement (M) x 10

Velocity (mVs }1153

—

Acceleration(m s2 )

GRAPHICAL PRESENTATION OF THE MEASURED
VIBRATION AT THE START OF PROFILE
MACHINING [ TABLE 13-
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and rapid as can be seen by the slope of the graph. The average displacement of

tool vibrations appear higher than the correspording NMS values,

Figures 6,9 and 6,10 show that the velocity and acceleration of the
vertical vibrations of the tool increase linearly with increase in feed
rates. The average values for roth cases appear +o he lass than the correspm”ine

RMS values,

- o

At the full profile stage of machining when the boring tool was
cutting continuously round the hole circumference, Figures 6.11 to 6.13
show the effects of spindle speed variation on the vertical vibrations of
the boring tool, The Figures show that the displacement, velocity and
acceleration of vertical vibrations of the boring tool, each increase
linearly with increase in spindle speed.

Figures 6.14 and 6,15 show respectively that the displacement and
velocity of the vertical vibrations of the tool increase linearly with
increase in depth of cut. From Figure 6.16, it can be observed that
the acceleration of tool vibrations increases non-linearly with increase
in depth of cut.

Figure 6.17 shows that the effects of feed rate variations on
the vertical displacement of tool vibrations. The vibrations as can be
seen increases with feed rates, the increase however being more
pronounced at higher feed rates. Pigures 6.18 and 6.19 on the other hand
show that the velocity and acceleration of vertical vibrations of the

* #ool both increase iinearly with incrence in feed rates,
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GRAPHICAL PRESENTATION OF THE MEASURED VIBRATION
FOR PROFILE MACHINING 'TABLE 4.
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CONCLUSTONS

Benerally, vertical vibrationa of the bo
with either increase in spindle speed or depth of cut or feed rate.
Shaw [?Q] observed similar behaviour for the case of conventional
milling and turning operations. One of the reasons that may be
attributed to this is that cutting forces as can be seen from tables 1
and 2 in Chapter five increase with increase in depth of cut or feed
rate, consequently the tool tends to be deflected more and to
vibrate at lower frequency values. In the case of increase in
spindle speed, the cutting forces decrease, however tool vibrations
increase because of the forcing effects on it at higher speeds.

From the overall results, the vertical vibrations of the tool
at the start of profile machining when the tool was cutting
intermittently round the hole circumference appear higher than the
corresponding values at full profile machining when it was continuously
engaged 1N cutting 4he workpiece during boring operation. The
reason that may be advanced for this is the idle times the tool had
to traverse prior to another cut in the intermittent cutting,
thus giving room for excitation of vibrations imparted on the tool in
the previous cut,

The computed values of the boring tool displacement using
simplified analys;s agree well with the measured average values as
shown in table 5.

For a cutting tool, the higher its natural frequency of vibration
the better it is. The calculated natural frequency of vibration of
one of the boring tools used is 15546.23HZ. This tends to decrease
rapidly with increase in cutting forces. The higher the vertical
component of the cutting force, the lower is the frequency of tool
vibrations. The low er frequency vibrations have worse effects in

metal cutting manufacturing than the higher frequency vibrations.

F8CVEV
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CHAPTER SEVEN

SURFACE FINISH MEASUREMENT OF THE PRODUCED WORKPIECES

INTRODUCTION :

——

By surface finish it is meant the surface texture left
after machining and to the condition of the surface with regard
to irreqularities forming valleys [R,.H]. It can be appreciated
that each chip-producing forming method imparts some characteristic
quality to the structure of the surface laver of metal. A machined
part that leaves some surface defects like flaw, lay, profile,
chatter marks, roughness and wa¥iness of excessive magnitude may not
only increase the cost of production but find little demand for many
applications D .1] -

Variations in the texture of a critical surface of a part
influence its ability to resist wear and fatique; to assist or
destroy effeétive lubrication,to increase or decrease its friction
and/or abrasive action on other parts and to resist corrosion as
well as affect many other properties that may be critical under
certain conditions Eﬂ.

Certain qualities in the surface are important. For example [8.21]:

(i) the reliability of a force fit and its approach to

theoretical conditions is larqely dependent on surface
quality and finish,

(ii) smoothness is often important since in highly stressed

parts, fatigue cracks often originate from surface blemishes,
and under corrosive influence, a high quality surface

may be more durable than one less well-finished,




(1i1) swvery eurface more or less is composed of mimate hills and
valleys, and when the condition of servies requires that two
of euch surfaces shall operate one against the other, the
evarly stages of the action will result in the Towelling down
ol the hills on cach member, =o that the cventual conditions
after ane of the aartaces has settled down will depend on
Porh the initial fit and the quality of the operating
surface [inish,
In view of the above discussion it can be appreciated
that the analyses apd measurement of machinmd surfaces is
important for the control of
(i) those parts whore surface roughness mast b held within
closely controlled units for optimum performance, and
(ii) jparts where surfacos must be made as smooth as possible
for optimum performance regqardless of cost,
The general practical valuezs of surface finishes cobtained from
some machining operations are as follows [1,6.21]:
(i) loring: from O, "“g4mto 10Mm
L]

(ii) drilling: from lMdm to 10OAMM

(iii) planning and shapping: 0. Sgmto 30L4mr and

(iv] grinding: from 0.lamio 2,5AMM

Surface Linishes ol the praduocal non-circular bores Lrom workpicce
materials of different physical properties common to cngineering vwse have
been measured awd presented in this chapter so that appropriate machining
conditions should be chosen when planning for the production of non-circular

bores of desiral surface finish using the non-circular boring attachment.



104

7 . MEASUREMENT OF SURFACE FINISH

e produced workpleces was measured

Surface finish of the

using an intricate device called profilometer. The trade

name of the device is "Surtronic".

Plate X shows the experimental test arrangement of how

surface finish was measured under laboratory conditions.

Workpiece bored inside

Boring tool

Arm carring diamond pointed stylus

Start and stop button
Drive unit (pilotor)

Connecting cable

Meter.

Plate X: Set-up for measuring surface finish.
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one of the machining

sperd or depth of ent or ferd rate and keep the

After each cycle of macliining, the boring tool was

The measurement

was done by passing the diamond pointed stylus of the dovice carried

at an arm over the

ored surface,

g0 that whien the operating button was

started, the stylus moved across the surface ascending and descending

faithfully with the surface irregularities as corresponding surface roughness

were shown on a clearly marked meter.

In that manner the surface finish of

the produced workpicces was measured accurately in micrometres |uml.

The results obtained for the

test with brass,

steel and aluminium

workpieces under ditferent machining conditions of spindle speed,

depth of cut and [ead rate are given in table 6, and grophs of the

measured surfacce finishes are shown in Figures 7.1, 7.7

Table 6:
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PRODUCED WORKPIECES

(a)

§‘P INE}_,E_ SPEED VARIATION:

Depth of cut = 0,2mm
Feed rate =  0,107mm/rev
=~ SPINDLE SPEED | SURFACE FINISH
WORK PIECE frm [l“‘]
= — = = TS — - =S e o S TYITEETELI FT T e TTRStep it Tttt T B es - =8 o - = =S == o — — — - —
o _22.4 3
et — s i e B
BRASS D | | 2.6
(TR = — "“--*_H--—_-—?:gﬂ-‘---‘“---

-

____---____ga___-------u-__u.

i — = =

p e e o  ———  ——— — — ————

$1.5

e ———— ] i e . .
45 ‘
(vt

B e T T —————

]

IR

33.3 TTTTTTTTTTTaa o
Y P (e
R | S - S
_________ ) T N S
__________ SE_-____H-_-_‘_ L o 1.8
S % (S _:_1 I T

Y

b ———— e ——

4.3
P ———— —-—---..‘-1-

hal

e e LT ———

i i T T ——



(b) DEPTH OF

CU'r VARTATION:
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Feed rate
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(c)

FEED RATE VARIATION:

Spindle speed
Depth of cut

45 Rpm
0. 2mm

WORKPIECE

—_— —— ——— o —

{EBD RATE
ﬁnm/rev.]

107

. A —— . W S - S ————

SURFACE FINISH
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GRAPHS OF THE MEASURED SURFACE FINISH

Depth of cut =0-2mm
6} N Feed rate = 0107 mm/rey
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Spindle speed (Rpm)
Fig-7-1.Surface finish vs spindle speed.
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Fig.7.2 Surface finish vs depth of cut.
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Generally the side and end cutting edge angles of a single point
cutting tool have great influence upon the theoretical surface finish of
a material. Shaw [287 has shown that the maximum amplitude of surface
roughness of a machined part h 1is a function of the feed fj side cutting

edge angle CEl and cutting edge angle Ce as follows:

5

tanC + cotC
a ]

This the theoretical surface roughness increases linearly
with the feed and decreases with increased Ca or decreased Ce.

The workpiece material can also affect surface finish due to the
difference in chip formation by different materials.

The evidence is that the quality of a machined surface deteriorates
with increase in the amount of attendant tool vibrations relative to
the workpiece [11]. From the results of measured verticet . vibrations of
the tool presented in tables 3 and 4, it can be observed from able 6
that, as tool vibrations increase with increase in depth of cut or feed
rate or spindle speed, the surface finish of the produced workpieces

deteriorates.

7.4.  CONCLUSIONS:
Surface finish of the produced workpieces has been measured,

presented and analysed. The surface finish obtained lies within

the range of the genergal practical values obtained from boring
operations. The spindle speed of 45Rpm, together with light cuts

will produce smoother surface finishes if desired when using the

non-circular boring attachment for producing non-circular bores.
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CHAPTER EIGHT

GENERAL SUMMARY AND COMMENTS, CONCLUSIONS, AND SUGGESTIONS

8.1 GENERAL SUMMARY AND COMMENTS:

The developed auxillarly method of producing non-circular
bores on the lathe consists of four stages, These are:
(i) acguisation of copying units;

(ii) production of templates;

(iii) development of power transmission method to
drive the template; and
(iv) mounting of individual boring tools on the post

and other arrangements.

8.1.1 Copying units

—————

Copying units are accurately designed and special parts.
They can only be got from the manufacturers or marketing dealers
of such parts. The TKB10 hydraulic copying units were used for
the non-circular boring attachment.

One of the problems observed while using the TKB10 copying

units was the leakage of hydraulic fluid during boring operations.

A template is a shaped part with a profile replica of the
desired form to be machined on workpieces, used in conjunction
with copying units to form a copying system, Templates can
be made from hard wood or metal, Three templates with profiles

shown in Figure 4.2 were produced from steel metal.

.3 “Vower transmission
A copying system incoporating a template as the programme
medium, functions only when. the template is given a steady rotation durirg

machining operations. 1In achieving power transmission to drive the

template during boring operations, economy and optimization of
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demand were considered, and the chain drive method of power transmission
based on one shaft set-up arrangement was found to be best for non-circular
boring on the lathe, Two sprockets were designed and produced; Also

three bushings, one spindle friction clutch, one steel slab, one power
shaft, one extender and a housing pipe were designed and produced using
local materials. Standard parts like bearings and a chain were bought

from the market,

Although the developed chain drive method of power transmission
can satify all speed requirements to drive the template for non-circular
boring of different metals on the lathe, system vibrations and difficulty
of the tracing stylus to following exactly the profile of a template at
high speeds, as it was observed, limit boring operations k6 low speeds.
Certain ductile metals like aluminium require high speed machining to

give smoother surface finishes.

8.1.4 Mounting of the boring tool on_its post:

The mounting of the boring tool was made to ensure no
damage was done to it during boring operation. One of the
differences between conventional cylindrical boring and non-
circular boring is that; in the conventional case, the hole to
be bored is smaller than the diameter of the boring tool; whereas
in the non-circular case, where the boring tool need to be
actuated constantly in a timed programme, the hole to be bored
need to be larger than the diameter of the boring tool. There
is thus a limit in non-circular boring of a hole with a particular
boring tool.

In some instances where the clearance between the walls of
the hole and the boring tool was not enough, there was rubbing of
the tool body on the walls of éhe hole, thus contributing to poor

surface finish, Arrangements were made to ensure the holes had
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adequate clearance space between its walls and the boring tecol to avoid
the rubbing problem. For example, for one of the boring tocls with
a diameter of 15.5mm, a hole of at least 25mm was needed to overcome the

rubbing proklem using the various templates of Figure 4.2. '

8.1.5 Measurement:

In measuring surface finish; cutting forces and vibrations,
it was observed at times in some instances that the meter reading
indicators were not giving steady readingg. In such instances,
the average values of the meter readings were assumed. The
Oscillations of the meter reading indicators about a mean value,
particularly when cutting forces and vibrations were being
measured is due to the dynamic nature of the cutting forces [35].
However, the table data of the measured surface finish, tool
virbations, cutting forces and its derivatives provide a true

insight of the practical encounter with non-circular boring on

the lathe.

8.2 CONCLUSTONS:
The follewing conclusions are drawn from this work. They are:
1. The auxillarly method of producing non-circular
bores on the lathe has been successfully developed
and used. Non-—circulary bores have been produced and
terdered as exhibita
C2. The chain drive has been developed and used to drive the
template;
+3. ‘Surface finish of the produced hores is similar to
the general practical values obtained from boring

operations, and is therefore good for normal engineeering

and other users,
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4. The measured values of cutring forces and corresponding calculated -
effective machining power give an indication of the amounts needed
for non-circular boring on the lathe under various cutting
canditions. The forces amd power requiral to bore are higher at

full-shape | >file machining.

5. Vibrations exist in the system as chown in Tables 3 and 4 of the
measured values of the vertical vibrations of the boring tool gnd is
higher at the start of non-circular boring than at full-shape
profile machining. 1In all instances these vibrations increase with

increase in spindle speedy or depth of cut or feed rate.

8.3 SUGGESTIONS . FOR FURTHER WORK:

The following suggestions for further work are made:

1. To investigate the effects of non-circular boring on
the lathe with variable spindle-remplate spead ratios
using chain drive and decide if any of the most
economical speed ratio to be used,

2. To investigate some of the causes and possible ways of
reducing vibrations in the system,

i. To look at the ways of controlling noise of the
hydraulic system for silent operation,

4. To investigate the effects and possible ways of reducing
. M any, dry friction in the copying slides.

5. To look at the different ways of controlling the
inherence to instability, of hydraulic copyina systems,.

6. To investigate the causes and possible ways of preventing
the difficulty of the tracina stylus in following
exactly the contour of a template at high spindle speeds

while using the non-circular Loring ot tachment,
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