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SUMMARY

The main objective of the work presented in this thesis is to
investigate the two sides of the flute, the face and the heel of a
twist drill. The flute face was designed to yield straight
diametral lips which could be extended to eliminate the chisel
edge, and consequently a single cutting edge will be obtained.
Since drill rigidity and space for chip conveyance have to be a
compromise a theoretical expression is deduced which enables
optimum chip disposal capacity to be described in terms of drill
parameters. This expression is used to describe the flute heel
side.

Another main objective 1is to study the effect on drill
performance of changing the conventional drill flute. Drills were
manufactured according to the new flute design. Tests were run in
order to compare the performance of a conventional flute drill and
non conventional design put forward. The results showed that 50%
reduction in thrust force and approximately 18% reduction in
torque were attained for the new design. The flank wear was
measured at the outer corner and found to be less for the new
design drill than for the conventional one in the majority of
cases. Hole quality, roundness, size and roughness were also
considered as a further aspect of drill performance. Improvement
in hole quality is shown to arise under certain cutting
conditions. Accordingly it might be possible to use a hole which
is produced in one pass of the new drill which previously would
have required a drilled and reamed hole.

A subsidiary objective is to design the form milling cutter
that should be employed for milling the foregoing special flute
from drill blank allowing for the interference effect. A
mathematical analysis in conjunction with computing technique and

computers is used.

To control the grinding parameter, a prototype drill grinder
was designed and built upon the framework of an existing cincinnati
cutter grinder. The design and build of the new grinder is based
on a computer aided drill point geometry analysis. In addition to
the conical grinding concept, the new grinder is also used to
produce spherical point utilizing a computer aided drill peint
geometry analysis.

Keywords: Twist Drills. Diametral Lip Drills.  Flute Contour.
Metal Cutting. Drilling.
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CHAPTER 1

GENERAL INTRODUCTION




1.1  INTRODUCTION

Drilling is the production of round holes from solid
material by the conversion of the material into conventional chips
by the relative motion between drill and workpiece. This motion
may be achieved bv a rotating cutting tool, workpiece or both.
According to PERA's [1]* survey 28.2% of the total general
engineering industry in Britain consisted of work carried out on
drilling machines. Ernst and Haggerty [2] estimated about 20% of
the machine tools in the USA were drilling machines. The drilling
operations can also be carried out on virtuaily any type of
machine tool capable of providing a relative rotation of workpiece
and/or cutting tool.

The twist drill is the ‘most common, cheapest and most
effective method of producing the majority of holes required by
industry [3]. Such drills are made by the million of a wide range
of materials from Carbon Steel to Solid Carbide. According to
Billau [4], the twist drill was invented in 1863 by Martigononi,
but Wiriyacosol and Armarego [5] refer to Morse as having patented
a twist drill in 1863. Oxford [6] reported that among the
earliest drills were those made by the Egyptians. Machine made
twist drills were also first produced in the 1860's, and the
pasically modern twist drill became a reality with the invention

of high speed steel around 1900.

* Figures in parenthesis [ ] refer to references in the

Biblicgraphy.




TWIST DRILL FEATURES

A two flute twist drill, Figure (1) is ¢enerally considered

to be gecmetrically complex [7 -~ 10] and its main features are as

follows:

(1) Shank

The shank fits into the chuck or spindle. The drill
used in the machine shop is made with either straight or
taper shanks. A straight shank drill is held in a drill
chuck. A taper-shank drill has a tang at the end which fits
into a slot in the spindle. The tang helps to drive the
drill and prevent it from slipping, and provides a means of
removing it from the taper spindle. The type of shank
depends upon the method used for holding the drill, small
drills.(up to 10 or 12mm in diameter) have a straight shank
and are held in chucks. Large drills generally have tapered

shanks.

(2) Body

The body is the part between the shank and the point.
It consists of the land, the margin, the web, and the flute.
The drill land is the periphery portion of the drill body
between adjacent flutes. A portion of the land is cut away
to provide clearance, the remaining uncut narrow strip along

the body forms the margin.



The margin helps keep the drill straight in the hcle\
and determines the diameter of the hole cut. The drill is
full size only across the margins. At the back of the

margin the body is smaller in diameter.

The web is the thickness between the flutes. From the
point to the shank the web gets increasingly thicker in the
interest of greater rigidity. This increase in web
thickness may be as much as 50%, therefore when a drill is
sharpened a number of times it may be found to have too
large a web thickness so web thinning is a necessary
practice. Chip movement has been found to be far better
over parallel web surfaces than over Iincreasing web
surfaces, Russell [11]. With the general purpose drills web
thickness at the point will lie in the range of 11% to 22%
of drill diameter. The drill flute, two channels along the
body of the drill, has been defined by Galloway [12] as a
chip disposal groove. Tsai [13] points out the following
functions of the flute:

*  form the cutting edges on the drill point;
* allow the chip to escape:
* cause the chip to curl;

* permit cutting coolant to reach the cutting edges.

According to Pais ([14], the flute form affects the

shape of the drilling chip. Oxford [9] refers to the




(3)

influence of flute form on lip shape, chip flute space and
drill torsional rigidity. One half of the flute, the face,
is commonly determined in order to yield a straight cutting
edge. The other half, the heel, is chosen in such a way
that drill strength, drill rigidity and space for chip

conveyance are at compromise [9, 15, 16].

The overall length and the flute length of a drill are

standardized in relation to the-drill diameﬁer.

A shorter drill length increases the torsional rigidity

-and consequently the drill life as suggested by many workers

[15, 17 -~ 19]. It was reported by National Twist Drill [17]
that drill 1life was increased by more than 8000% by
shortening the drill flute length when drilling a tough high

temperature alloy.

The drill diameter is chosen to obtain the required
hole size. It has a strong effect on cutting forces.
Galloway [12] reported that, for a given feed, torque is
approximately proportional to the square of the drill
diameter. The thrust is approximately proportional to drill
diameter. Wiriyacosal [5] shows that the thrust increases
fairly linearly and the torque increases exponentially w@th

increase in diameter.



(4)

Drill sizes come in standard diameters which are sized

according to four commonly used systems.

i) Fractional inch vary from 1/64 to 5 inches, in steps of
1/64 inch to 3/4 inch, after which the steps gradually
increase.

ii) Metric size vary from 0.5 to 76mm (these sizes are not
as commonly used as the fractional size).

iii) Ietter size vary from A (0.234 inch) to Z (0.134 inch)
in steps of 0.004 to 0.010 inch.

iv) Numbers vary from No.l (0.228 inch) to No.8 (0.0135
inch) in steps of approximately 0.002 inch. All number

size drills are smaller than letter size drills.

Because drill size and equipment are designed by
imperial and metric system, it will be necessary to use the
imperial system in some places in the thesis, otherwise the

metric system will be considered.

Foint

The configuration of the drill point probably has more
effect on drill performance than any other single feature of
drill design. Different drill point grinding methods were
used by many investigators. The plane method was reported
by Armarego [7]. The cylindrical methcd was reported by
Billau and Mcgoldrick [20].Conical grinding, the most common

method, was reported by several authors [20-25]. The point



of the drill includes the cutting lips, the chisel edge (the
end of the web), and the flank (the surface of the area at
the back of the cutting lip). There are three features
commonly specified in handbooks for drill point to be
selected by the user at the drill point grinding stage

* point angle, 2P

* chisel edge angle, v

* 1lip clearance angle, vy

The point angle is the angle included between lips. A
common point angle is 118 degrees. The cutting edge (lips)
will be convex or concave if the angle is decreased or
increased respectively from the angle which produces
straight lips. The influence of point angle variation on
drill 1life has been investigated by Galloway [15] who
reported that for each material there was a different range
of point angle which gave longest drill life. PERA [26]
recommended a point angle 130 degree when drilling alloy
steel for better drill life. The influence bf point angle
on drilling forces was studied by Galloway [15], PERA [26]
and Bird [27]. They came to the general conclusion that,
except for a few cases, thrust increased as the point angle
was increased and torque was found to decrease as the point

angle was increased.

The chisel edge angle is the angle between the chisel



edge and the cutting lip, it provides clearance in the
chisel edge area. The angle is from 120 to 135 degrees. A
large chisel edge angle results in long chisel edge, while a

small chisel edge angle results in inadequate clearance.

The clearance angle (relief angle) keeps the drill
flank from rubbing with the workpiece. It is conventicnally
specified at the outer corner of the cutting edge and is
referred to as the nominal relief angle. It's value is
usually from 8 to 12 degrees. The influence of the 1lip
clearance angle on drill life was investigated by Lorenz
[28] and Kaldor [29]. Iorenz reported that drill life
varieé inversely With the 3.77th power of the peripheral
clearance angle. The effect of relief angle on drill life
and cutting forces was studied by PERA [26]. According to
PERA's result it was found that drill life increases as the
relief angle was increased from 4 degrees to 8 degrees, and
to decrease as the relief angle was increased from 12
degrees to 20 degrees. Relief angle was found to have
little effect on torque but thrust decreased as the relief
angle was increased. Galloway {12] reported that smaller

relief angles resulted in stronger lips and longer drill

life.

(5) Drill Helix

The helix angle is defined as the outer angle between



the margin and the drill axis. It is one of the drill
features which is determined at the manufacture stage. It is
given by tan~l2ﬂr/H, where r is the radial distance from
the centre and H is the pitch length. The helix angle is
largest at the rveriphery and decreases towards the centre.
Usually it is at the periphery where the helix angle is
referred to. The helix angle is related to the rake argle,
and 1is selected to suit the material to be drilled. For
general purpose high speed steel drill, the helix angle ranges
from 22 to 33 degrees, Bhattacharyya [30]. Waller's [16]
results indicate that the 28 degrees helix angle is superior
to the 20 degrees fram drill life point of view. Lorenz [31]
quotes Kronenbergédiscussion on the effect of the helix angle
from the viewpoint of the stiffness of twist drills. He
emphasized that the resistance of a twisted profile to loading
is approximately 85% higher than that of an untwisted bar
having the same profile. ILorenz recommended 40 degrees helix
angle for better drill life. Galloway [15] investigate the
effect of helix angle on drill life for titanium alloy Til50A,
from his results a 25 degrees helix angle gave longer life
than 10 or 42 degrees. Shaw's [32] results on SAE3245 steel
shows that torque and thrust decrease slightly with increased

helix angle.

As a consequence of the helix angle and the need for a web,

the rake angle varies along the cutting edge from positive at the

periphery to significantly negative at the centre particularly on



the chisel edge itself, Figure(2). The deformed prcducts under the
chisel edge must be wiped or extruded into the drill flute where they
usually intermingle with the chips produced by the main cutting edges.
Accordingly undesirably high thrust force is associated with this

inefficient process.

The sharp variation in the cutting speed along the length of the
cutting lip with the maximum on the periphery of the drill is the
principal reason for intensive wear of this zone, thus limiting drill

life.

Iong coiled chips which are evident in many drilling operations
can lead to clogging in the flutes of the drill, thereby limiting the
depth of drilling before withdrawal, in addition these chips can cause
scoring of the hole. Also the swirling of the chips, before becoming
detached from the workpiece, can form a source of danger particularly

when drilling the tougher materials.

Drilling by means of a twist drill is not a machining operation
resulting in the highest degree of dimensional accuracy, counter-
boring, honing and reaming are further operations for the improvement

of initial drilled hole,[33],

The previous comments represent the main drawbacks of the two
flute conventional twist drill. Hence, a number of variations on

point gecmetry of such a tool have been devised by many inves~tigators



with the aim of improving its performance. Several modified features

ar~» explained.

1.3 SURVEY CN TWO FLUTE, CONVENTIONAL TWIST DRILL MODIFICATIONS

The survey of the different modifications and efforts to improve
drilling performance of the two flute conventional twist drill

includes several drill shape design features:

(1) Chip Breaker

Iong coiled chips, which are evident in many drilling
operations can lead to clogging in the flute of the drill,
thereby limiting the depth of drilling before withdrawal, and
can cause scoring of the hole in addition to being a safety

hazard.

Chip breaker grooves either on the face or on the flank,
Figure(3), can be provided to reduce the width of the chip.
This technique is generally applied to large diameter drills.
The main disadvantage of having the grooves ground in the flanks
of the drill point is that they have to be re-formed after a
limited number of regrinds of the drill. Crisp [34] eliminated
these difficulties by providing a helical rib on the heel side
of the flute which extends for the entire length of the drill

flute, Figure(4). This rib impedes the normal chip flow,



deflecting the chip into a tighter curl which may cause it to
break. Another chip breaker drill design is offered by many
drill manufacturers and is illustrated in Figure(5). Here, the
heel side of the flute is moved into a location similar to that
of the rib in the Crisp design and the chip breaking action

appears to be similar.

The vibratory type chip breaker consists of a special chuck
which is attached to the conventional drill chuck. The chuck
encloses a ball which is free to rotate in a groove around the
spindle of the chuck. The groove contains a small notch in one
part of its circumference. As the chuck rotates, the ball
rotates and passes over the notch every three-quarters of a
revolution of the chuck, thus interruping the feed and causing
the chip to break. Unfortunately, the maximum drill size which
can be used is only 1/2inch, so the application 1s rather

limited.

Chip breaker drills usually require more torque than
standard design drills, this represents the extra energy
required to break the chips and to eject the chips through the
restricted flute space of these drills. The chip breaking
action may also affect the stability of the drill and produce
holes which are noticeéably out~of-round. Accordingly it would
be of great use if a modified flute shape could provide a more

compact chip without need to introduce any chip breaking

11



U\iupport gives an

characteristics.

Double Margin Drill

Another available drill variant is the double-margin
configuration, Figure (6, in which a secondary margin of full
diameter 1s left at the trailing edge of the land. This

provides the extra guidance in the hole. Billau [35] used this

type of drill in such a way as the second margin cuts and by virtue of its

increase in tool life over a conventional twist drill and a

normal double margin drill.

Thinned Web

In an attempt to improve the action of the chisel edge,
different types of point thinning were reported. Zhirov [36]
devised a high production drill, Figure(7), for drilling cast
iron. A notching cut is made on the web which removes the
original chisel edge, also a double angle point is provided.
Bhattacharyya [37] developed a grinding technique to generate
two slots at the chisel point in a manner: similar to Zhirov
point drill. PERA [38] described the effect of point thinning
and point relieving on the performance of H.S.S. drills. Oxford
[39] enlarge the displaced distance of the main cutting edges to
add extra metal to the flute face in such a manner as to
increase the torsional rigidity of the drill structure while
maintaiﬁing the same centre web thickness as a standard design

drill, such a drill is known as 'self-thinned drill' Figure(8).

17



To get the maximum benefit, it is necessary to chose the
optimum ori~entation and setting angles during web  thinning.
In all cases of web thinning, special drill-point grinding
equipment or fixturing is necessary to ensure the point
symmetricalily. Lack of symmetry will cause a number of
problems, such as poor starting, oversize holes ard accelerated

tool wear.

Spiral Point Shape

Ernst and Haggerty [2] devised a method of point generation
which form a characteristic S-shaped line for the chisel edge
instead of the straight chisel edge of the conventional drill
point, Figure (9. Although this modified shape has increased the
rake angle in the sections close to the axis and also provides
self~centering effect in the section along the main
cutting edge there is no difference, as the rake angles here are

identical to the conventional.

Helical Drill

This has the same shape as the spiral drill but with a
steeper heel side than that of the conventional twist drill,
Figure(10) and this has the same effect of thinning the web as
the thinned-web drill. Hence the helical drill possesses the

advantage of the spiral drill and the thinned web drill.



(6) Split Point

(7)

(8)

The crankshaft or split point drill, Figure(ll}, has been
developed to improve the performance of the heavy-web drills
which have a longer chisel edge. The drill is first sharpened
in the normal manner, yielding a long chisel edge. Then a
second grinding cut is made to give a sharp secondary relief in
the centre of the chisel edge, thus creating a secondary cutting
lip on the opposite cutting edge. The angle between these 1lip
segements acts like a chip-splitter, and the narrower chips
produced may be somewhat easier to eject. Another significant

effect is that the split point reduces web-~generated thrust.

Racon Drill

This point has a curved lip that gradually narrows the
included point angle from the chisel edge to the outer corner,
Figure(12), thus thinning the chip and spreading out the load on
a longer length of cutting edge. This drill configuration is

ground on a Winslow Model HC grinder [40].

Helicon Drill

The Helicon drill is a combination of Helical ard Racon
drills. It resembles a helical drill in the part near the
periphery and possesses advantages of both helical drills and
racon drills. The chisel edge is S-shaped and relatively sharp.
The outer corner of the cutting edge is rounded to provide

smaller cutting edge angle, Figure(13).



Although some of the previous modifications give improved
performance in specific applications, none of these methods has.
resulted in the elimination of the traditional chisel edge or modified
the severe negative rake angle along the cutting edge in the vicinity
of the chisel edge. The overall improvement in drilling performance
can be further enhanced by optimizing and combining the techniques of

cutting edge modification and chisel edge elimination.

Also it can be said that, except the attempt to impart chip
breaking characteristics and to increase rigidity of the drill
structure, all the modifications have been brought about only by drill
user through point grinding without any consideration being given to

flute shape which is produced at the manufacture stage.

As the drill geometry is determined by the combined effect of
the Flank surface and the flute shape, the most interesting of twist
drill design changes would be those involving modification of the
flute shape. Each flute comprises two parts, the face and the heel.
The flute face, leading side, is to yield the cutting edge. The
cutting elements comprise two main cutting edges (or lips), lying in
parallel planes displaced from each other by a distance equal to the
thickness of the web. Eliminating such a distance through flute
change at the manufacturing stage would yield diametrally located
lips which can be extended to eliminate the chisel edge, and
consequently a single cutting edge would be cbtained. The advantage

of extending the lip over the thinning of the web arises fram the fact

1



that extending an existing lip is much easier than creating slots with
given settings and orientations. Accordingly the operation of
extending the lip could be carried out by an operator working manually.
shape

The heel sidesis chosen in such a way that drill rigidity and
space for chip conveyance have to be a compromise. Many research
workers have studied twist drill rigidity. However, the author did
not find any reference to the chip disposal capacity which is one of
the important features of the flute shape. Clearly, therefore, an
important contribution can be made if a theoretical expression can be
deduced which enables optimum flute disposal capacity to be described
in terms of drill parameters. Thus the optimum compromise can be made
for rigidity wvs disposal capacity and tne heel side contoured

accordingly.

A successful investigation into the flute shape of the twist
drill should include the method of manufacture. A form milling cutter
required to mill the helical flute allowing for the interference is
mathematically described and in conjunction with a computer a helical

flute with high accuracy is cbtained to satisfy a given set of drill

parameters.

A simplified spherical quadratic model to generate the grinding
surface of a diametral-curved lip drill is described. Based on this
model, a prototype drill grinder was designed and built to investigate

the effect of partially spherical~diametral 1lip on drill performance.



CHAPTER .2

AN APPROACH TO A NEW
DRILL CONFIGURATION



2.1 INTRODUCTION

The survey on the modifications of conventional twist drills
reported in Chapter 1 indicates that most of the efforts have
concentrated on drill point modificationé through point grinding
techniques. .No attempts have been made toward flute design
modification with the aim of improving its geometrical character-
istics. Although some of these modifications give improved
performance in specific applications, none of them solve the basic

that

problem, there must be a chisel edge and consequently two cutting

regions.

As the drill point gecmetry is determined through the ocombined
effect of its flute shape and its point grinding, it is assumed that
among the most interesting twist drill design changes are those
involving modification of the flute shape. Because flute shape is a
drill feature which is specified at the manufacture stage and drill

oppoTrtunity
user has littleato introduce any further modification, it is necessary
to get the manufacturer's collaboration especially in the early stages
of any effort toward such modification. In this chapter one drill
manufacturer's collaboration to eliminate the chisel edge is to be
investigated and evaluated and as a result some modifications to the
manufacturer configuration are put forward with the aim of eliminating

the drawbacks of this configuration, and finally an experimental test

to investigate the effect of such modificationsis described.
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2.2 DESCRIPTION OF THE MANUFACTURER CONFIGURATIONS

Marwin Cutting Tools Ltd, manufacture a drilling tool which
consists of helically formed pieces of tungsten carbide slotted into
appropriately formed body. The important feature of this drill is
that one of the two cutting edges is extending beyond the centre with
the aim of eliminating the chisel edge. The. other cutting edge is
terminated before the centre to provide the necessary web, Figure (14).
However, asymmetry of the two cutting lips and the two flutes, as well
as the eccentricity of the web, lead to a difference in cutting forces
over each lip and provide unnecessary extra flute space ahead of one
lip and in contrast unsufficient flute space ahead of the other lip,

Figure (15)

The difference in lip lengths of such a drill is similar to the
difference in lip height of the conventional drills. That leads to a

resultant rotary radial force of constant magnitude. This force
causes static bending stress for the drill and spindle with

simultaneous dynamic stressand vibration of the workpiece and fixture.

The inappropriagflute spaces allocated ahead of each lip cause non-
uniform cooling, lubrication as well as chip jamming and consequently

unbalanced rotary forces of variable magnitude.

As a result of the above rotary radial forces of constant or

variable magnitude, poor surface finish of the hole wall and high hole

1R



oversize were experienced while using this type of drill during the

preliminary test in this work.

As a conseguence it is decided, in this work, to modify the
asymmetry of such a drill and to investigate the effect on the
drilling performance of the proposed modification. As mentioned
pefore becauseidrill user has little chance to change an existing
flute, the modification reported in this chapter is limited to the

alteration on the lip lengths of the existing configuration. For this

purpose it is necessary first to predict cutting forces over the two

lips.

2.3 CUTTING FORCE PREDICTION

The mechanics of chip formation have been studied by many authors
and it is now widely accepted that chip formation is a plastic

shearing process and that the deformation is extremely localised.

Basically, the chip formation process can be best explained by
considering the two-~dimensional simple case "orthogonal cutting" in
which a single cutting edge is perpendicular to the relative motion
between the tool and workpiece. In practice, actual cutting
operations often involve a cutting edge which is inclined at some
angle other than 90 degrees to give "obligue cutting". However, the

nature of the chip formation process is similar in both cases.
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The first complete analysis providing a so called "shear angle
solution” was presented by Ernst and Merchant [41]. In their analysis
the chip was assumed to act as a rigid body which is held in
equilibrium by the action of the forces transmitted across the chip-~
tool interface and across the shear plane. Figure (16) shows the system

of forces in orthogonal cutting with a continuous chip.

Ernst [41] and Merchant [42] support the thin shear zone model.
Palmer and Oxley [43], OCkushima and Hitomi [44] propose athick
deformation zone model as shown in Figure (17. Bitans and Brown [45]
suggest that under different machining conditions the deformation
approximates to one or other of these shear models. After examining
motion picture film and photo~micrographic evidence, they conclude
that, especially when the metal is in an annealed state, the "thick
zone" model 1s more appropriate at low cutting speed. At the high

cutting speed region the situation approaches the "thin zone" model.

The selection of the proper chip formation model that could be
employed to predict the cutting forces of helical <carbide drills
is based on the cutting condition of such types of drills. Since the
advantages of using tungsten carbide include potential for higher
metal removal rates (higher cutting speed), then the "thin zone" model

is used in this work for the cutting force prediction.

The tool angles for the element force prediction such as the rake

angle are found from the specified drill point features given in



handbooks . The basic cutting data, such as the shear stress Ss’
chip ratio Ry and friction angle on the rake face are found from
experimental data for this purpose. FEn8 steel tubes of two inch
outside diameter and 2.38 mm thickness are used with the Marwin Flat
ended drill as a turning tool to predict the basic cutting data. The
tube is held by a lathe chuck and the drill is fixed to a three
component dynamometer using a special fixture designed for this

purpose. The set of the dynamometer, drill fixture and the drill is

fixed to the lathe saddle, Figure (18

The cutting force components FZ and FX are measured simul-
taneously and recorded throughout the machining process. During the-
cutting test, the chips were collected after each test and the
thickness measured using 2 X 10“4 mm clock gauge equipped with a
special pointed anvil designed for this purpose. The value used for
calculation of shear angle was the average of five readings. The
friction angle ), shear stress Ss’ and chip ratio Rt are correlated
with the basic variables (rake, angle, speed, and feed). A statis-

tical package using the subprogram "regression" SPSS [46] was used for

the regression analysis as reported in Appendix I.

The regression analysis results obtained are as follows:

A =267+ 0.77 o

0.277 + 4.8 x 107> o + 1.534f

Y
]

S. = 62.4



where

A = friction angle in degrees
2

n
il

shear stress, Kg/mm

o
i

" chip thickness ratio = tl/t2

Q
It

rake angle, degrees

Hh
il

feed rate mm/rev

The element deformation force, Fz, parallel with the velocity
approach is taken as a criterion of force balance. The lip region is
considered to consist of numerous single edge orthogonal cutting
elements where the wvariations in cutting conditions within each
element may be neglected and the conditions are selected at the mid-
point of the elemental cutting edge. The rake face curvature away
from the cutting edge is considered during the cbtaining of the basic
cutting data. The element deformation force, V FZ, is found from

the force equation of the single edge orthogonal analysis as:

S .b.f.Cos (A -aq)

VE, = -2
sin ¢S Cos (¢S +A-a)
where
o = E;-tan 9
B R.O o
-1 R_Cos a
¢g = tan T - R, sin a
ty
R = ¢

2



2.4 CUTTING EDGES MODIFICATION

To improve the cutting action, firstly a force balance is

required to eliminate the resultant rotary radial force and secondly
has to be modified

the flute space of the small lip nto improve chip disposal

capacity. (This aspect to be considered in the following chapter.)

A Force balance can be achieved by reducing the length of the
long lip by the amount which yields equal cutting forces over the two
lips. The lip is considered to consist of 50 elements, the summation
of the elemental deformation force starting from the outside for the
short lip and from the inside for the long lip .is done to find the
radial distance at which the two summations are equal. That radial
distance will define the length of each lip. For a 3/4 inch diameter,
that radius is found to be 4.34 mm that means the long lip has to be
shortened by 5.18;:Lowever, if this is done, cutting will not take
place over an annular portion of 1.885 mm (the difference between the
reduced amount and the length of the short 1lip). Due to this

constraint, the outer lip is shortened by 3.3 mm to provide a partial

elimination of rotary radial force, Figure(19).



2.5 EXPERIMENTAL TEST TO INVESTIGATE THE PERFORMANCE OF CUTTING

LIP MODIFICATION

A series of tests and measurements were designed to investigate

to what extent the limited modification will improve drilling
the

performance. Comparison with a drill as received fromadrill

manufacturer and with a conventional drill is provided.

2.5.1 Instrumentation

The force components of thrust, radial force and torque were
measured using a system comprising of a Kistler quartz four-
component dynamometer, charge amplifier with built in galvo and a U-
V recorder. The system is set out in Figure (20. For hole size
measurement,aTesa internal micrometer with a range of 1/2 to 1 inch
was used. A series of five readings were taken from entry to exit of
the diameter of each hole. A talyrond machine, Figure(2l), was used
to measure the out of roundness. Three readings were taken down the

length of the hole at the entry, middle and exit of the hole.

(1) Dynamcmeter

A Kistler four~component dynamometer type 9273, Figure (22)
was used to measure the axial and radial forces as well as
torque in the drilling tests. It consists of two two-component

load washers fitted under high pre-load one above the other



between a base plate and a cover plate. Each load washer
contains two sets of quartz discs which are arranged
directionally-orientated according to their sensitivity. The
measuring principle of the dynemometer is to convert the applied
physical variable into proportional electric output charge when
the force acts upon a quartz element in the load washer.
Calibration charts were provided by Kistler Instruments before

the test programme started.

The technical specification for the dynamometer is as follows:

Components Fx ,FY Fz Mz
Range kN ~5...5 -5...20 Nm-~100...100
Overload kN ~6/6 ~6/24 Nm~120/120
Threshold N 0.02 0.02 Nem 0.02
Sensitivity pC/N ~3.65 ~1.95 FC/Ncm 1.58
Linearity % full scale output <*1 L2l L1
Hysteresis ¢ full scale output 1 1 1
Rigidity kN/um 0.1 .2 Nem/ prad 30
Natural frequency KHz 1.5 3
Cross talk Fz E‘X,Y % Lz 1

Fx  Fy % <£ 03

Fxiy Fz % L 3

Fz Mz Nan/N LE 0.02

Mz Fz  N/Ncm < 0.01

Operating temperature range 0 to 70°C

Weight Kg 3.3



(2) Charge amplifier with galvo output

The charge amplifier converts the charge yielded by a piezo
electric transducer into proportional voltage by a first stage
with capacitive feedback. In the amplifier the signal is
finally scaled for voltage output. This output signal 1is
furthermore converted into a proportional current for deflecting

a galvanometer by the galvopart of the amplifier.

The coefficient for the conversion of mechanical units into
electrical charge 1is entered with the potenticmeter for

adjusting the TRANSDUCER SENSITIVITY and the setting ring.

The amplifier operates with fixed scales of 1, 2, 5.10"
mechanical units per volt. When a galvanometer is connected to

the galvo output, the measuring signal is recorded to the same

scale.



The technical data for charge amplifier used

follows:

Measuring ranges 12 steps

Transducer sensitivity

Voltage output, 100

Glvo output

Frequency range

Time constant  long
Medium
Short

Linearity

Accuracy of ranges

Calibration input

Operating temperature range

Power supply

Dimensions

Weight

1:2:5.

..EC
Bc/M.U

V/mA

Kg

I+

I+

AN

(3) Direct recording ultra-~violet oscillograph

(medel 5006)

10....£500000
0.1....11000
10/t 5

60

0....180

1000...100000
1...5000
0.01...50

0.05

o+

I+

1

220/110 £ 20%
74 x 145 x 216

1.5

is as

The model 1300 U~V oscillograph can record up to ten channels.

On each channel used (twe) a SMI/L type tubular galvancmeter was

inserted. As the input current is fed into the circuit it produces

an angular deflection of the mirror inside the galvanometer and

reflects the light onto sensitised paper.heimage is

be developed by

exposure to light. Time marks can be marked on the paper at



adjustable intervalsduring recording.

2.5.2 Test Specimens

The specimens were made from En8 steel (Grade D) éf 2 inch
diameter and 1.5 inch thickness (2.d). The preparation of test
specimens consisted of three stages. irstly the 2 inch diameter
long bars were parted off using a capstan lathe, secondly the parted
off specimens were face turned both sides usingicentre lathe and

was

finally a surface grinding machine/\psed to make the two faces

completely parallel.

2.5.3 Test Variables

Three variables were selected: speed, feed and drill type
speed: 690, 1060, 1600 r.p.m.

feed: 38 — 137 X 10“3

mm/rev
tool: three types of tools are used in the test (3/4 in dia.)
i) conventional

ii) drill as received (asymmetric)

(iii) drill with partial lip modification (asymmetric & modified

During the drilling operation the thrust force, radial force and
torque were monitored continuously during each test. After all
the tests had been completed further measurements were taken for

hole roundness and hole oversize.



2.6 RESULTS AND DISCUSSION

Three readings for hole roundness measurement were taken down
the length of each hole at top, middle and bottom. Each specimen
had to be individually centred on the talyrand machine, Figure(2l),
three times, one for each reading due to the error in parallelism of

the hole. The average of the three readings was taken.

Hole measurement was taken for each hole using an internal
micrometer. Five readings were taken in a sequence fram entry side
to exit side and the average of these five readings was taken. The
data and results obtained from these tests are represented in Tables
1l ~ 5 and graphically shown in Figures(23)~(37) to represent the
influence of a limited modification of 1lip lengths on radial force,
out of roundness and hole oversize as well as drilling thrust and
drilling torque at three speeds 690, 1060 and 1500 r.p.m. and

3 mm/rev.

different feed rates ranging from 38 to 137 x 10~

It may be seen from these results that the difference between
drill as received (asymmetric) and drill with partial 1lip
modification (Asymmetric & modified) is considerable in terms of
radial force, Figures(23)-(25). Accordingly considerable improvement
of out of roundness, Figures(26)-~(28), and hole oversize, Figures
(29)~(31),are cbtained as a result of the reduction in the rotary
unbalanced radial force which displaces the drill out of its axis of

rotation. However, although the limited modification on lip lengths



provides a considerable improvement as mentioned, the values are

higher than with the conventional drill.

2.7 CONCLUSION

Although the drill configuration proposed by a dril

(=]

manufacturer provided advantages over a conventional drill in terms
of drilling thrust and torque as shown in Figures(32)~(37), due to
the elimination of chisel edge, the hole quality deteriorated due to
the severe run out caused by the rotary radial force. This force is
a result of asymmetric 1lip configuration and inappropriate flute

allocation ahead of each lip.

As a general conclusion the main two aspects to be emphasised
for any drill design modification are firstly the necessity of
providing the proper chipP  disposal capacity, and secondly the

necessity of symmetric configuration.

These two aspects, chiP disposal capacity and symmetry
configuration to eliminate the chisel edge are considered in the

following chapters.



CHAPTER 3

SOME ASPECTS OF DRILL
CROSS SECTION




3.1 INTRODUCTION

As mentioned in the previous chapter, the proper selection of
flute space is of great importance in any drill design to allow the
proper flute space and the proper chip disposal capacity. The
requirements guiding the design of a twist drill flute shape are that
on the one hand the area of the flute should be large enough to allow
good chip removal and on the other hand the drill Cross section should

be sufficient to provide adequate rigidity to withstand the cutting forces. These
are two contradictory conditions the fulfilment of which requires a

compromise.

In many works 1in literature, no information has been found
related to chip disposal capacity. It is the purpose of this chapter
to provide a fundamental understanding of these two contradictory
conditions (flute capacity and drijl . rigidity) and how they
are affected by different drill parameters. Furthermore, a discussion

on how to come to a compromise between them is included.

3.2 ANALYSIS OF CHIP DISPOSAL CAPACITY

A consideration of the flute space required leads to the
conclusion that its total area is not the significant factor because a
typical drill chip is conical in shape and hence only the inscribed
circle of the flute cross section will be occupled. Consequently the

inscribed circle diameter is considered in this work as the critical



parameter.

The radius R. of the circle A and B in Figure(38) which could
be inscribed in the flute space normal to the axis of drill are
considered to be a good index of chip . disposal capacity, because the
chip which is formed is a curled-conical shape and will occupy a.
circular part of the flute space. When the radius of the chip cone
tends to be larger than RC' the chip is crushed in order to permit

it to pass up the flute.

In this work a fundamental analysis is to be carried out to
represent the chip disposal capacity by a mathematical model which
defines the effect of various drill parameters (33, L, W, P,E% )

on R_.
C

In the normal cross section, Figure(39) the flute space a-c-e is
approximately represented in this analysis by the space a-b-~c-d-e.
The circle which could be inscribed in that space is that circle,
Figure (40), which meets the following conditions:

i) is tangent to o~a at point £

ii) is tangent to o-e at point g

iii) is tangent to a-~e at point h

iv) its centre O lies along the radius oh which bisects angle 8
(angular difference margin/heel)

v) it has a radius R
< R -W
vi) its maximum radius for given value of R and W is (——)



From Figure (39)

LH = Ro[sm€ + sm(Eo +8)1 ; 3.1
LH
IN = B 3 2
sin (€o+§)

tﬂ
:
0
-

B
2 Ro Cos eo Cos 5 3.3

(o
]

from which

~1 L
B =2 cos () 3.4
2 Ro Cos@o
from Figure (40)
R
B _ C
sin = g —x 3.5
o c
R sin §
o) 2
R = 3 3.6
c 1 + sin >
or 1
R [(2R cos 6)° - 141°
@) ) o
R = 3-7

C 2_.2.3%
2 Ro Cos@O + [(2ROCoseo) T.7]

Equations 3.6 and 3.7 represent the mathematical representation of

chip disposal capacity in terms of angleB and land L respectively.

Reducing land width (increasing angle 8 ) to the limit shown in



R -W
. . . . o
Figure(4l) provide a chip disposal R, equal to R max (——=— ).

The condition whereby this model starts to obtain is shown in Figure
(42), from which the land width and angle 8 at which R,
remain constant for any further increase in angle 8 or reduction in

land width equal:

4R Cos 6 VWR_
O O O

L, = TR 3.8
o)
and
R -W
_ =1 "0
%) = 2 sin T 3.9
o
Also, increasing the web thickness to the limit shown in Figure
R-W
(43) provides a similar condition (RC = 5 ). The web thickness,

for given land, at which this condition starts to obtain is given from

Figure(42)as:

R (1 -sinb)
w = ° 3.10
o . B
1 + sin >

Accordingly for a given web thickness W and drill diameter 2Ro

the value of chip disposal capacity RE remains constant and equal to

R - W |
>— for L& L, (8 »8)

Also, for a given land L (or 8 ) and drill diameter 2Ro the
R sing

value of chip disposal capacity R, remains constant and equal to -2 :
1+Sin =
2

for W £ W,.



3.3 DRILL RIGIDITY

The bigger the ratio of chip disposal capacity R, t®© drill
radius 33, the better the chip removal and the less the friction
between upward moving chips and the tool and thus the less the
drilling forces. However, the bigger this ratio the lower the

drill rigidity of the drill.

Drill torsional rigidity affects drill life as referred to by
several workers (8, 16, 17, 28, 34, 36]. BRecause of its explicit
effect on drill life and its implicit effect on chip disposal
capacity, the drill rigidity needs to be studied with the aim of
finding how it correlates with the twist drill parameters. BRecause of
drill shape complexity some research workers give different
definitions for drit| rigidity. For example, Oxford [8]
considered the diameter of the circle which could be inscribed in the'
cross section normal to the drill axis as a good index of the
torsional rigidity. However, a study of the range of twist drills
shown in Table 6 indicates that for some cases the inscribed diaﬁeter

second
is not consistent with the change in polar.moment of area which is
proportional to ‘drill - rigidity. Spur [47] relies on visual
second
description of the cross section,polar moment of inertia which provides
no accurate assessment. Kirilenko [48] relied on an empirical formula
second

to calculate the polar,moment of inertia which does not include the

effect of helix angle and point angle.



From the previous comments, it becomes clear that neither the
visual description by Spur nor the index suggested by Oxford are
entirely valid. The 4drj)] rigidity must ke accurately defined
and greatly simplified if an empirical equation is to be deduced which
includes the effect of various drill parameters, such as diameter,
land, web as well as the helix angle and point angle. For this
purpose a detailed analysis to calculate the cross section area and

second
polaramoment of area is presented in Appendix II and in conjunction
with a regression analysis the following empirical equations were
obtained

~2 L1.286 57,,.142, .169 _ .275 3.11

Area A = 16.9 x 10 do W 2p 8

second
Polar,moment of inertia

~2 2.74Ll.l94 e.33

J = 2.6 x 10 do 5 063 .034

e 2p 3.12

A comparison of the actual and predicted values are shown in
Tables 8 and 9 for the variables in Table 7. From .which it can be
seen that a good accuracy of prediction is obtained using these

empirical equations.

To analyse a complete drill structure, section compliance is
integrated along the drill length taking into account the helical
arrangement of the drill flute which has a considerable influence on
drill torsional stiffness. Kiriler~ko [48] proposed the following

formula



2 -~ 201 g 3.13

o]

where
secgnd

Jp = provision polar.moment of area

tansg
v = o

R

- O 3

H = poisson ratio

R, K and & are constants which are calculated fram the formulae

R
R = J'Oo'rw(r) dr
0 wi2)?
Ro 3 ar
K = J‘0 z (:5)2
(1 +v2r%)?
R
y - f Iyl ar
0 w22
2
_ K
E=xg - A

7



The value of function ¢ (r) is equal to the sum of anglesal
and © 5 in Figure 46 which determine the points of intersection of
the circle radius r with the cross section profile. For a symmetrical

section, a , = Y instead of the graphical method to determine

1
P (r) used by Kirilenko, an analytical method is devised in this work.
The advantage of providing such an analytical method is to facilitate
the introducting of computer-aided design to handle the numerical work.

The analytical method can be explained as follows:

In Figure 46:

= = A
a 1 az £ +6 3.14
where
_ 2_ 2.3
£ = sin L g , fanbo [R™-W'] (after Galloway)
RO tan P

The angle 6 can be calculated by knowing the constant m of the
heel side polynomial equation.
Y = mx2 + W 3.15
For point Py in Figure 46
x =RCos 6 and Y =R sin 6 3.16
From 3.15 and 3.16
Rsin® = m (R Cose)2+ W 3.17
Angle 6 can be calculated from equation 3.17 using the value of
constant m from appendix II,.

i +te ) ~ W
sin (B eo) =

2
Ro Cos™ (R + eo)

and the value of angle 8 from equation 3.4

L QT

B= 2 Cos™t (50—
ZRO Cos eo



A Computer-aided design is used to handle these calculations

and a comparison of the computer output of the analytical methed
the

with those obtained by Kirilenko graphical method are shown in

Figure(46). There is gocd coincidence between the two methcds.

The calculated value of function V¥ (r) is used to calculate

the provisional polar moment of inertia Jp. Example shown in

Figure 47.

3.4. SELECTION OF DRILLI, PARAMETERS TO MAKE CHIP DISFOSAL CAPACITY

AND DRILL RIGIDITY ON COMPRCOMISE

Using the foregoing analysis, the drill parameters such as
land width L, angular difference margin/heel 8 , and web thickness
2W can be selected to provide optimum compromise of
drill rigidity and chip disposal capacity. Alternatively the
rigidity and chip disposal capacity which are the main features

of cross section, can be predicted for certain drill parameters.

second
The influence on polar,moment of inertia (rigidity) and chip

disposal capacity of land width L, angular difference R , and web
thickness W, are presented graphically in Figures(48)-(50). The
observations which can be made out of these Figures are, first the

polar moment of inertia increases with the increase of the land



width L, web thickness W and the decrease of angular difference
8. The second observation is that the chip disposal capacity is
constant for a certain range of these parameters beyond which its
value is dependant on these parameters. The values for L, sard W
at which this change on Rc trend (from constant to variable), is
determined from equations 3.8, 3.9 and 3.10 respectively. 2As a
result of these observations the optimum compromise of polar

second moment of inertia Vs chip disposal capacity can be found as
follows:

For given web thickness
4RO Cos eo vy W RO

L Lo > W+ R
© L
-1 ¢}
8 < 8052Cos 2 R_Cos8
or R © o
8<B8 <2 sin | Oo-W
$ P S R+ W
o
and for a given land width L or angular difference
R (1 - sin —2— )
Wy W, > 3
1 + sin =
2
' 1
or R {2R Cos8 - [(2 R Cos8 )? - L2]2}
o o) ) o) o
W W, > .
] 2.1

2
2 RO Cos@O + [(2 RO Coseo) - L7]

(The equality sign is for Rc maximization)
These results can be explained in accordance of Figures(48)-(50)
as follows: either reducing land width beyond Lo (Figure 48) or
increasing angle B beyond Bo (Figure 49) or reducing the web
thickness W beyond Wo (Figure 50) provides a reduction in polar
moment of inertia while the chip disposal capacity remains

constant, this means a sacrifice in drill rigidity without a



corresponding gain in chip disposal capacity. A summary of these
results is represented graphically in Figure(51) which shows the
minimum optimum land width and angular difference margin/heel

corresponding to a range of web thickness.

3.5  APPLICATIONS

Traditionally, some drill manufacturers consider the land
width to equal the flute width. Accordingly the land width

L = /2 Rb Cos QD. However according to comparison

between this assumed ratio and the optimum minimum value as in

Figure(52) this land width selection by the drill manufacturer is

not entirely valid especially at higher values of gl .
o

As a practical application to the previous comment, Waller
[16] tested the tendency for chips to clog in the drill flutes.
The test consisted of mounting the workpiece on a torque
dynamometer and, at a suitable speed and feed, drilling successive
holes with equal increments of depth. The point of clogging was
recognised by a sudden increase 1n torque recorded on the
dynamometer. The comparison of clogging performance was measured

by the depth of hole that could be drilled prior to clogging.

The test conditions and results are:



Drill identification Drill I Drill II

Area of cross section (mmz) 3.549 3.097
Area of flute (mm?) 4.387 4.839
Land Width (mm) 2.033 1.88

Average maximum depth of hcle
drilled before clogging 16.5 11.9

Drill size

1/8 inch (3.18mm)

Web Thickness 0.66 mm

il

]

Helix Angle 23 degrees

The experimental results lead to an interesting conclusion:
that the drill with small flutes has less tendency to clog,
although Waller did not explain this result, the theoretical
investigation presented in this chapter can provide the required

explanation as follows:

The land width, LO, at which maximum chip disposal
capacity Rc is attained, is calculated franAequation 3.8 and found
to equal 2.208mm. This value and the values of chip disposal
capacity Rc as well as the Polar moment of inertia J as a function
of land width L for the tested drills are shown in Figure(53).
From which it can be seen that drill II has bigger flute space and
accordingly should have better chip disposal.But this is not true
because the two drills have a value of land width L less than the
optimum minimum value Lo. As a result both drills sacrifice drill

rigidity. While both drills have the same chip disposal capacity,



Drill II sacrifices more rigidity which could explain its higher

tendency to clogging even with its larger flute areal

Two important issues can be deduced from the above example.
First that the theoretical model can be successfully applied
to explain some phenomena which could not be explained before.
Secondly that the drill manufacturer's selecticon of certain drill
parameters are not entirely wvalid. Accordingly the optimum
selection of some drill parameters which may be required for
further flute modification can be based on the developed

theoretical model as suggested in the following chapter.



CHAPTER 4

AN APPROACH TO FLUTE
SHAPE MODIFICATION



4.1 INTRODUCTION

Drill geometry is determined by the combined effect of the flank
surface and the flute shape. Because most of the previous
investigations have been directed mainly at point grinding techniques
it is assumed that flute changes are considered as one of the most
interesting drill design changes. Pais [14] developed a new flute
shape to yield a more uniform wedge angle along the drill lips and thus

gto provide uniform wear. However, the analysis of the drill wear results
\ reveal that the expectations built upon that hypothesis did not
succeed as reported by Pais. This was attributed to the convex nature
of such drill lips which set up a tensile force in addition to an
outward force between the chip and the wall of the hole. This force
increases the heat to be dissipatedwhile impairs the performance of
the drill. Accordingly it seems that lip straightness is an essential
aspect for any drill modification. Another requirem. which is deduced
from the investigation in Chapter II is the symmetrical configuration.
These two aspects (straightness and symmetry) are under consideration
form

for the development ofan alternative flute,.with the aim of improving the

drill geometry.

The new flute contour is designed to yield straight-diametral
lips which can then be extended to provide a single cutting edge and
to eliminate the chisel edge with its disadvantages of lack of
centring and poor cutting action. Also it provides a more uniform rake

angle along the cutting edges of the new drill.



The oObjectives of this chapter are to investigate the
conventicnal twist drill flute design and to provide new guidance
for the selection of some of its parameters. This investigation is

tnen extended to provide the new flute contour and its modification.
4.2 CONVENTIONAL TWIST DRILL FLUTE DESIGN

The twist drill flutes are the grooves in the body of the drill
which provide lips and permit the removal of chips and allow cutting

fluid to reach the lips. The cblique flute figure (54) is the flute
contour in a plane normal to the helical direction oé?grill flute. The
oblique flute is of practical importance as the profile of the form
milling cutter that should be employed for milling the helical flute
from drill blanks can be detenngg;é:TELis to be investigated in the
following chapter). The Flute contour on the plane normal to the
drill axis is defined as the orthogonal flute, Figure 55. It

comprises two sides the face and the heel.

(1) Flute Face

For certain drill parameters including the drill diameter,
point angle, helix angle, web thickness and land width, the
conventional flute face 1s designed to produce a straight
cutting edge. This side of the flute can be presented by the

parametric equations developed by Galloway [15] from which Tsai
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and Wu [49] deduced the mathematical model of the flute shape.

From Figure 44 it can be seen that

€ =eLte 4.1
where
_ =1 W
€1 =sm = 4.2
1
2 R_ tan P 4.3
o}
1
‘e = ain (W taneo[Rz —wz]2
. . = sin (o) +
R R, tan P 4.4
where

W : half the web thickness

RO : radius of the drill

e

o ¢ helix angle

P : half the point angle

It can be seen from equation 4.4 that the orthogonal flute
shape 1s dependent on the helix angle, the point angle, the
radius of the drill and the web thickness. The helix angle is
given by

O = tan”’ ?—%—RO 4.5
where H is the pitch of the helix.
As the helix angle is constant, the pitch is proportional to the
radius of the drill.

Substituting the value Ofeo from equation 4.5 into 4.4 we get

1
21 R - W2 4.6
H tan P

€ = sin“1(E

U
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If H in equation 4.6 is constant, then the flute shape is
independent of the radius of the drill and the helix angle. The
orthogonal flute faces in different sections along the drill axis
are the same, but the directions are rotated by the helix angle.
The flute shape in two cross sections at distance H apart are
rotated by 360 degrees relative to each other. If the rotation

of the drill flute is taken into consideration, equation 4.4

becomes
2 1
. =1 W [R°-W°1% tanfo 277
€ =sin (=
® - R, tan P & 4.7
where Z is the coordinate along the drill axis.
The pitch of the helix can be cbtained from equation 4.5.
q = 2 TRy v
tan 6, 4.8
supbstituting 4.8 into 4.7 we get
- 2_ 3
e = sin 1(g) +[R. ;?ZL' tgneo N ZRtan 8o
o e} 4.9

Equation 4.9 is the mathematical model for the drill flute in
the cylindrical coordinate system (R, e , Z) with RO’W'eo and

P as paramters. In the X-Y coordinate system, the coordinates

can be represented as

X = R Cos € and Y = R Sin € 4.10

(2) Flute Heel

While the flute face is fully specified, the flute heel

shape and the heel corner position are not fully specified,
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these are determined by the drill manufacturer. Chitale [50]

reported that this portion of the flute profile is not critical
and is chosen so as to provide extra strength while still
leaving sufficient space for chip disposal. From his
observation Armarego [7] found the heel corner to be about 90
degrees to the face corner (3 = 90 degrees). This observation
is confirmed by the fact that drill manufacturers consider the
land width to be equal to the flute width. However, by using a
theoretical analysis developed in chapter 3 it is now considered
possible that a full specification of drill heel shape is
Possible. The selection of the heel corner position can be

based on :

(1) the new definition of chip disposal capacity represented by
the radius, R,/ of the circle inscribed in the drill
flute.

(ii) the drill cross section rigidity represented by the polar

moment of inertia.

This may be illustrated by an example considering a drill

having the following dimensions:

il

Diameter 3/4 inches

3.81mm (20% diameter)

Web Thickness

Point Angle 118 degrees

32 degrees

Helix Angle
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Fig 56 shows the characteristic diagram of ‘such a drill

conctructed from the mathematical analysis of chapter 3. It can be
seen from this figure and from Table 10 that the manufacturer’s
selection of flute heel side through the selection of angular
difference margin/heel (angle 8) is not valid. A 6% sacrifice
in drill rigidity without any gain in chip disposal capacity is
due to the drill manufacturer selection of angle 8 equal to 90
degrees. The authors selection of angle B to be 83.6 degrees
will provide the same chip disposal capacity as the manufacturer
while the polar moment of inertia is 65436 nm4 compared with

614.3.3 mm4 for the manufacturers selection.

Cnce the proper seleétion of thé heel corner position is
defined through the proper selection of angular difference
margin/heel (angle 8 ), the shape of the contour beﬁween the end
points of the heel flute may be represented by a polynomial

equation.

4.3 AN APPROACH TO A NEW FLUTE FORM

The main cutting edges of the conventional drill are offset from
a parallel radial line ( ahead of the centre) by an amount
approximately equal to one half of the Web thickness. These are’
connected by a secondary cutting edge (chisel edge) which has
unfavourable geometrical parameters, furthermore along the main

cutting edges, the rake angle varies from positive at the periphery to
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ignificantly negative at the centre.

These difficulties can be eliminated if a flute contour is
designed to vield diametrally-straight lips when the drill is
sharpened with a conventional drill point. These lips can then be
extended to provide a single cutting edge. Fortunately the
development of such a flutedoesnot present any particular problem and

the respective analysis can be described as follows:

From Figure 57, the flute face shape required to produce the
diametrally-straight lip drill is designed so that if the drill point
angle is 2P, the point N of the drill flute before grinding becomes the
point QO on the diametral-straight cutting edée.

Since ON = OQ = R:

then polar coordinates of the point N are R,e .

The difference of elevation between point N and Q is t which is given
by;

t = R Cot P. 4.11

The drill flute is rotated by angle € since from point N to
point Q the elevation is changed by t. The angle € is proportional
to t and will equal 27 when t = H.

Hence
2m 2m

€ =5 - t = T?-R Cot P 4.12
The peripheral helix angle is given by

-1 21Ro | 4.13
H

80=ta.n
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By substituting equation 4.13 into equation 4.12 we get

. R tan 8,
"R anp 4.14

Equation 4.14 is the drill flute cross section for Z = o.

. , S
If Z # o the drill flute is rotated by the angle Z tan _©, hence the

R
O

drill flute cross section for Z # o is given by

_Rtan 8o , Ztan 6o
Rotan P R, 4.15
Equation 4.15 is the mathematical model of the diaﬁirally~
straight 1lip flute face represented in the cylindrical cocordinates

(R, €,2).

Because of its critical effect on the chip disposal capacity and
cross section rigidity, the heel surface is approached in this work
based on the optimum compromise of these two aspects through the
proper selection of the angular difference margin/heel and the
mathematical representation of the heel contour. In the orthogonal
plane XY, the heel contour is given in this work, the law

x1 (a2 +v1%) - a vl =o 4.16
where

X1 =R Cose-~ X

Yl =Y -~ R sin €

A constant

X,Y are the cartesian coordinates of any point on the heel surface
relative to the XY reference system. Substituting the value of X1, Y1

in equation 4.16 we get:
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2
(R Cose ~ x) ((R Cose -~ x)2+(Y~R sine)%%A(Y«R sing) = o 4.17

which pro&ed to describe satisfactorily the following requirements-

i) provide the required angle of the heel contour corner from
the face corner. This angle is to be determined from the
analysis reported in Chapter 3 to provide the optimum
compromise of Cross section aspects, chip disposal vs
rigidity.

11) to join the face contour near the central web, thus
reducing the amount of metal to be removed during the
extending of the two lips.

iii) has a common tangent with the central web to provide the

required web thickness.

To determine numerically and geometrically the shape of the heel conio
it is necessary to find A, R and € to equation 4.17 which satisﬁy the

conditions established above.

The design procedure begins by the selection of an assumed

radius R from which the angle € is calculated from the relationship

- Rtan 5
R tan P

The second step is to apply equation 4.17 for the heel corner

where:
X = R, Cos (Eot B)
Y = RO sin (g + B)
€ _taneo
©F tan P

B = angular difference margin/heel
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Accordingly the value of constant A is given by-

A = [RCos e~ RQCOS(EC)+B)]3

+ RCose - R.Cos (e~ + R)
[Rosin(eq+R) - Rsinel2 o ©

4.18

Finally, the assumed value of R is pe checked and changed (if

necessary) until condition (iii) above is achieved through the

relation.
2 2
X"+ YY" 3 W for RCoseg x % R,Cos (gy+R) 4.19
where
S73
v = (RCose - X) ¢ R si
2-RCos £+ X TR Sin e

igure 58 shows a flute profile plotted after being computed
according to the mathematical approach presented above for the heel
ide and according to the criterion of diametrally located lip for the

face side.

Drill prototype manufacture involQed the collaboration of drill
manufacturers and was controlled by the author through the design of
the form cutter that will cut the new flute shape. A subsequent
simple grinding operation shown in Figure 59 to extend the diametral

lips was done and the final shape is presented in Figure 60.

The mathematical analysis of the flute cutter design and the
performance test on the new flute designwill be presented in the

following chapters.
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4.4 THE INFLUENCE OF THE NEW FLUTE SHAPE ON DRILL GEOMETRY

The twist drill is geometrically the most complex tool to be
found in the workshop [7-10]. Drill angles have been defined by many
workers. The clearance angle is determined by drill point grinding
and is affected by flute shape to a lesser degree. Thus its value for
the new drill is nearly as thfa:t):cg]r?ventional drill for the same point
grinder. The rake angle which is mainly determined by the flute
shape design is to be treated in a different way. Expressions for the
calculation of the rake angle have been presented by several workers.
The most common expressions are those developed by Oxford [8], Shaw
[51-53], and Galloway [15]. From his investigation the author found
that although different expressions have been developed, it can be
proved that each one can be trig?\nometrically transformed to - the

other (Appendix III). Following Shaw's approach who represented the

drill angles in terms of equivalent lathe tool angles, Fig.6l, we get:

-1 R tan 6
@, =0 =tan  —p—" 4.20
Ro
-1 Cos P
Cg =08 s 7 4.21
., =1 Wsin P
i =sin (—5 ) 4.22
. -1 |tang _ tan i i
s = tan tan C sin C ! 4.23
s s
o - g, |
a, = tan ]'(tanocs Cos Cs + tancy,b sin CS) COS].J ;4,24

-

Is
N
(92}

, . 2. 2. .
smae = gsin"i + Cos™1 sman



where

b back rake angle, the angle between the ground top face of the
tool and the top plane of the tool

% : side rake angle,

Cs : side cutting edge angle

i ¢ inclination angle

“n - normal rake angle, the angle measured from a normal to the
finished surface in a plane perpendicular to the cutting edge

G . effective rake angle

With the conventional twist drill, the main cutting edges are
offset ahead of centre by an amount approximately equal to one half of
the web thickness. As a result the cutting edges are colique to the
direction of motion and consequently the surface produced is a
hyperboloid of revolution. However the diametrally located cutting
lips, the surface of the cut procduced is conical so that the
inclination angle i is eliminated along the cutting lip. Substituting
i = o for the diametral drill in equations 4.21-4.25 the angles for
3/4inch diameter drill may be computed at different radii and compared
with these for the conventional drill as shown in Figures 62 and 63
for the rormal and effective rake angles respectively. It can be seen
from these figures that the negative normal rake angle near the centre
zone has been improved to positive and its variation along the cutting
edge becomes more gradual. AlsO the effective rake angles have been

increased over the cutting edge for the diametral lip drills.
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4.5 FLUTE SHAPE FOR DIAMETRALLY~CURVED DRILIS

One of the problems associated with the twist drill is the sharp
variation in the cutting speed along the length of the cutting edge
with the maximum on the periphery of the drill, this is the principal

reason for intensive wear of this zone, thus limiting drill life.

Curved lip drills help to compensate the uniform rise of the
cutting speed by gradually decreasing the true feed along the cutting

edges and thus enhance the overall life of the drill.

In this section the flute shape required to provide diametrally
partial-curved drills, Figure 64 have been analysed. Since the method
of point grinding in which the lips are curved controls the design of

the flute form, it is necessary first to describe the process of point

grinding.
4.5.1 Generation of grindind surface
One of the methods of grinding curved lip drills has been
described by Lyubimov [54]. However flank backing 1is

insufficient and the chisel edge angle 1s unsuitable and
additional grinding was necessary to eliminate these faults.
Giddings & Lewis Co., provides a drill pointer [40] to offer the
so called racon drill, Figure 12. Tsali [55] describes the

generation of a grinding surface for this type of drill as an
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ellipsoid. However, this model is not simple and is difficult

to use.

The author's objective was to investigate the validity of
apelying the spherical quadratic model with the aim of applying
this model to manufacture a simple point grinder. In his
investigations the author found that this quadratic spherical
model can be used as a simple method to provide the required

drill angles similar to that produced by the ellipsoidal mocdel.

The drill flank configurations of the spherical curved
drill, Figure 65 can be described by a quadratic eqguation in the
form

X2 4y 4772 g2 4.26
Where a is the sphere radius and the (X*,Y*,Z*) is the
coordinate system selected with the origin O* of the
coordinate system located at the centre of the spherical
surface, with the Y* axis perpendicular to the drill axis. 1In
addition to the parameter a, the drill flank configuration also
depends upon three other parameters d, s and e which determine

the location of the drill point on the quadratic grinding

surface and the direction of the drill axis.
For analytical simplicity, the (X,Y,Z) referential system is

considered such that the origin of the coordinate system O is to

be located at the centre of the drill point and the Z-axis
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coincides with the drill axis. The x-axis 1s -chosen to be

parallel to the projection of the cutting edge on the plane
perpendicular to the drill axis when the cutting edge is
straight from Figure 65.

*
Y., =-8

O * O

Z

*
The value of X.O which makes point O 1lies on the

spherical surface can be obtained from equation 4.26, viz:

*
(a2 ~ a? ~ g%

N

X
O

Also from figure 65-

*
X =X +XCos ¢ +2sin ¢
*
Y =Y ~s
* .
Z =d-Xsing¢ +7Z Cos ¢

* * *
substituting X, ¥ and Z in equation 4.26 it results an

equation of the form .
2 2

F (X,Y,2) =X"+Y¥Y +AX +BY +C=0 4.27
where

A= 2 x; Cds $ ~ 2d sin ¢

B =-2°65

¢ = 2%sino+ () %42 7 sinp X_+s-a’+ (2 Cosp + d)°

This equation represents the model of the spherical flank whose

parameters are a, d, s and ¢.
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R

For partially curved drill, Figure 64 with §£ = 0.5 the
o

parameter d can be calculated in terms of the other parameters

and the selected point angle P over the straight part of the

cutting edges. As can be seen from the geometry of Figure 66.

5

2 sinP Cos (P-¢)

d = oq sin (P -~ ¢) +

) 2.3 . *

= [a® -~ s°]? sin (P~ ¢ +0) 4.28
where

* _ R

6 = sin ! J

Nj-4

2 [a° - 52] sin P

Therefore, for partial curved 1lip drills with curved
portion over R = RJ to Ro and point angle P over the
straight lip portion, the number of parameters can be reduced to

three, a, S and 9.

The wvalidity of the spherical quadratic model  was
investigated in two issues, experimentally and geometrically.
The first issue was investigated through a drilling test represent
in following chapter. The later involved comparing the drill

angles for spherical drill with that when a well established

model (ellipsoidal model) was used.

The relationship between the drill angles and the grinding

parameters for ellipsoidal quadratic model were derived by Tsai

[24].
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The drill angles for the spherical model are derived as

follows:

The included angle as shown in Figure 67a is given by:

-1 /82, 1
P=t 2y -4
e 4.29
where:
Z =F (X,Y) and can be found from Equation 4.27.

The chisel edge is obtained as shown in Figure 67b. From
the tangent line to the contour circles passing through the

point O. ,
* -
17 0 O

3 4.30

Y =7 - tan

where:

X -
From Figure 66 O O is given by

b J— *
OO0 =0Db sin ¢
1
= [a2 - 5215 Cos ($p+6)
and
=1 d
6 = sin
[a2 _ 82]%

The clearance angle 8§ at any point G on the curved cutting
edge is shown in the plan view of the spherical grinding model
in Figure 67c. The drill axis 0Z is offset froam the grinding
axis ?) ; by an amount S. Any point on the cutting edge is at

distance W from axis.

From the geometry of Figure 67c:
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.. clearance angle 8 = sin 4.31
a
For diametral lip
cl = sin1 S
earance angle 8 = sin ~ = 4.32
a

Investigating the geometry of Figure 67c and the expression
for the calculation of the clearance angle in equation 4.31
shows that 1lip clearance angle, ¢, for a spherical grinding model

is constant along the cutting lip.

Therefore, the number of parameters for partial curved
drills can be reduced again to two a and ¢ or s and ¢ for a

given clearance angle.

A comparison of the drill angles obtained from equations
4.29 to 4.32 for a1inch diameter spherical drill with that when
an ellipsoidal model was used is represented in Table 1l1. From
which it is clear how close are the anglgs for the chisel edge
and clearance. The included angles range 670 at the centre and

27.4oat the periphery for the spherical compared with 46 at the

centre and 30 at the periphery for the ellipscidal.

The above analysis proves the validity of the spherical
quadratic model suggested in this work as an alternative to
the moredifficult to maintain ellipsoidal mcdel . Beside
providing very close angles to that obtained by the el\ipsoidgl

model, the spherical model reduces the required . number of
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4.5.2.

grinding parameters to two compared with five for the

ellipsoidal model.

Mathematical model for partially curved drill flute shape

with diametrally located lips

The drill flute should be so shaped as to facilitate a
straight cutting lip to be ground on the drill for a given helix
angle and grinding parameters. The flute face for the straight
portion of the diametrally cutting edge is to be represented as

reported in Section 4.3.

The flute face for the curved portion is shown in Figure 68
when ;iewed normal to the drill axis. The orthogonal flute
should be so shapedso”ﬁgny point QO on the cutting edge has
corresponding point N on the orthogonal flute. The coordinates
of N in the orthogonal reference system X Y can be expressed as-

X =RCos€ and Y = R sin€ 4.33
where R is the radial distance of point N and ¢ is the angle
that the flute is rotated from point N to point Q. The
elevation is changed by t, the angle ¢ is proportional to t and

will equal 27 when t = H, hence

N

LR

4.34

i

H
%%-tan 9o
o)
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Referring to Figure 69, the length of radius a of the

circle which represents a cross section A ~ A on the spherical

grinding surface can be given by s

3
2 _

a and S are grinding parameters.

g=[a
From the geometry of Figure 66 the following relationships
can be obtained

t =00~ G 4.35

substituting the value of GG'and OO'into equation 4.35
. - - - 3
.. t =asin (B+9) - {a2 - [R+a Cos (¢+6)]2} 4.36

|
wrla

Substituting the wvalue of t from equation 4.36 into
equation 4.34 to find the value of ¢ and consequently the
orthogonal flute coordinates from equation 4.33. Apply for
different points to complete the flute face contour. The heel
contour can be found as reported in section 4.3. A typical

flute shape based on the above mathematical analysis is shown in

Figure 70.
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5.1 INTRODUCTICN

The increased demand for new types of drill emphasised the need
for an accurate method to predict the cutter form used to cut drill
flute. Traditionally either trial and error or emnirical description
methods are used to compensate for the amount of interference caused

by the helical nature of the flute.

To provide an accurate prediction and to produce drills with
previously selected parameters, a mathematical analysis and computing
technique have been developed in this work to provide the profile of

the form cutter that will cut a helical flute of any kind.

To obtain the cutter profile, firstly it 1is necessary to find

the oblique "normal to the helix" flute which will produce straight
It is necessary

cutting edges as viewed from the drill point. Secondly,to compensate

for the additional material removal from the flute due to the

interference effect during cutting. Also the flute shape produced by

a certain form cutter can be predicted. A computer program is

developed to handle the analysis.

5.2 OBLIQUE FLUTE PREDICTICN

Since the flute milling cutter is to be set at an angle (the
helix angle) to the drill axis, the oblique flute profile has to be

determined to cbtain the required milling cutter. Due to the helical
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geometry of the flute, the transformation between the orthogonal and

oblique flute profile is not simple and direct.

Radhakrishnan [56] mathematical approach to dbtain the dcblique
flute for the conventional drill required firstly to find out the
orthogonal flute profile usingﬂf%alloway [15] method as reported
before, and secondly, the transformation between the orthogonal and
oblique flute is obtained through coordinate transformation and
coordinate rotation. That makes the matter complicated.  Graphical
methods such as that given by Chitale ([50] are over simplified and

hence inaccurate.

The author's objective was to present a mathematical approach to
Obtain the oblique flute with a simple, accurate and direct method
without any need to determine the orthogonal flute. This method can
be applied for the conventional and non~conventional drills. As shown
in Figures 71 and 72, for the straight and curved lip drills
respectively, the oblique flute for drill face should be so shaped as
any point A on the straight (as viewed normal to the drill axis)
cutting edge has a corresponding point B on the oblique flute. The

coordinates of B in the oblique section can be expressed as;

_ Cos (e+9)
X =R —&55s 9o
Y = R sin (6 + €) 5.1
where R = radial distance of point B

. ~1 W

§ = sin"" 5 (6 =0 for diametral drills)

€ = the angle that the flute is rotated from point A to point B.
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The drill flute is rotated by the angle € since from point B to

point A the elevation is changed by Z. The angle € is proportion to %

and will equal 27T when Z = H, hence:

2T _ Z.tanb
€= 5 = =20 5.2
o)
where
H = helix lead
6

o= helix angle at periphery

From the geometry of figure (71) or (72)

Z =71 ~ zZ2 5’3
and
%_
21 = (R ~ W%)  tan B + ts 5.4
Z2 = R tan QD [Cos § ~ Cos (e +8 )] 5.5

substitution of 7 in terms of e from eguation 5.2, 21 from 5.4 and Z2

from 5.5 the equation 5.3 yields:

£ R 2 3
= o - R _ - .
tan 6, (R W2) tanf,t t ~ R tan§ ) [Cos 6~ Cos(e+§)] 5.6
where: : .
2 2, %
_ (R"-w9)" _ .
t= tanp (straight lip)

£ =3 sin (046) ~ [3%= (R+3 Cos (9+8))°]

N

(curved lip)

)
—
I O

a, d,% are grinding parameters.
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Using an iterative technique, e can then be solved for.
The solution of ¢ yield X and Y from equation 5.1 which is the
mathematical model of the drill flute face rormal to the helix. The
oblique flute for drill heel can be presented in similar way as shown
in Figures (71) and (72).
‘ there is
For any point E on the orthogonal flute heel,a corresponding point D

on the oblique flute. The coordinates of D in the oblique section can

be expressed as:

_ Cos (€h + &y)
X=R Cos 64
Y =Rsin (g, + dh) 5.7
§ = tan L ¢
h tan e 5.8

where
XC, Yc the coordinate of point E on the drill heel and can
be found from the analysis presented in Chapter 4 for drill
heel side;
R= [X“ +Y"]*?

The angle €, is the angle the drill flute is rotated since from

h
point E to point D. The elevation is changed by Zh’ hence

“h Ro
Z, = A 5.9
h tanvo
From the geometry of figures (71) and (72)
Z, = R Cos (Sh + sh) tan 60 5.10
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From 5.9 and 5.10

£, R .
N O0=RCos (6, + ¢ 6

Again an iterative technique can be used, £, can then be
solved for.TFhe solution of “h yvield X and Y from equation 5.7 which

is the mathematical model of the drill heel side normal to the helix.

The equations dealt with in the present section were implemented
in a computer program which handles the computing methcds. Computer
plots of the oblique flute cross-section for several values of
angular difference margin/heel are shown in Figures (73) and (74) for

diametral-straight and partial curved drills respectively.

5.3 CUTTER~PROFILE ANALYSIS

5.3.1 The prediction of cutter profile for milling .the flut§

shape

The interference produced when milling a helical flute with
a disc type cutter can critically affect the flute face and the
heel face profiles. Interference taking place at the flute face
side will affect the geometry of the cutting lip. Interference
at the flute heel side will affect the compromise of drill
igidity vs flute disposal capacity as investigated in Chapter

3.
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The proper cutter profile is obtained by allowing for the
additional metal removal as a result of interference action. To
investigate interference all motions of flute milling operation
are assumed to be frozen and the intersection between the cutter
and the drill blank at different sections is studied. Through
coordinate transformation and coordinate rotation the location
of the cutter at different sections can be related to the actual

required flute at each particular section.

To simplify the matter, the cutter profile is considered as
a numpber of points and the analysis is applied for each point
separately. To eliminate any additional metal removal as a
result of interference action, a correction to the location of
the point under investigation is required. According to this
correction, which takes place at any particular plane, a
modification is required to the cutter «central section.
Application to other planes for the same point and for all the

other points yields the final cutter profile.

Based on the above analysis, the following steps are

necessary:

(1) The oblique flute (in the plane normal to .the helix) is

determined using the analysis presented in the previous

section.
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(2)

As a first assumption, any point b, Figure (75), in the
cblique flute is considered as a point of the cutter
central sections C.C.S. (section B~B). This assumption is
checked and corrected if necessary as will be explained

later.

At any other section (section C-~C) parallel and further
from the C.C.S. by distance w, the coordinate of point C
corresponding (on the same cutter annular circle) to point
b can be expressed in the reference system U Vv w as shown
in Figure (76) by:

u = 5.12

c
_ 2.3 5.13

Ve = R+ W [(Rw+W-~Vb)2—~w]

where:

Rw = maximum cutter radius

W = half the web thickness

It may be noted that the flute profile in plane C~C has the

same shape as the flute profile in plane B-B, but is
w.tanb
0
R
o
Accordingly through coordinate transformation and

rotated by angle € which given by e =

coordinate rotation, the coordinate of point C can then ke
expressed relative to the flute profile reference system in
plane C-C (systemmn g). To help with the coordinate
transformation and rotation, an auxillary referential system

KIg was intrcduced. The coordinate of point C relative to
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(5)

(6)

the auxillary referential system is;

kc = U, +W .tan GO 5.14
Yo=Y, 5.15

The coordinate of the same point can hence be expressed

relative to the flute profile reference system m 1 as;

m, = kc Cos € - lc sin € 5.16
n, = kc sin € + ch cos € 5.17

A computer plot of the location of five points Cl’ C2,
C3, C4 and C5 at different sections parallel and
farther from the C.C.S. by distance ~ 4.0 to 12.0 in step

2.0 are shown in figure (77).

Check and correct (if necessary) the assumption in 2. If
the predicted location of point C lies outside the required
flute contour at a particular section, no correction is
required otherwise correction 1is required to avoid any
additional removal of material. The correction (if
required) is done by shifting the location of point C to be
point 4 to provide no interference, Figure (75). The
coordinate of point d relative to the coordinate system m n

is defined as my and ng-

According to the correction made, the assumption used in 2
is medified now to suit the shift in 5. Accordingly the
coordinate of the corresponding point (on the same cutter

annular circle), point e, to the new corrected location,
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point d, can then be found relative to the coordinate

system u v w as:

U =_w.tan® + € in €
o o md Cos + n., sin

d
Ve = Rw+W -~ [W2+(Rw+w + mdsin€ - ndCos€)2]

N

(7) Repeat the same procedure for different planes at different
distances from the C.C.S. to find if there is any further

interference to be eliminated.

(8) Apply for different points to form the required cutter

profile.

A computer program was developed to describe the vrofile of
the form cutter based on the analysis presented above. A HARRIS
computer was employed for the computations with Fortran as the
programming language. Cutter profile was plotted by a T4662
graph plotter in conjunction with the computer. The computer
prografn consisted of three main parts : (a) the design of the
drill flute, (b) the prediction of the form cutter profile
allowing for the interference action, and (c) the graphical
routines using GINO-F library [57]. The computer program flow
chart is shown in figure (78). The computer pros.jram (Appendix
IV) follows closely the analysis developed above. Two sample
cutter profiles were determined and plotted in figures (79) and
(80) for diametral, straight lip drill and diametral, partial

curved lip drill respectively.
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5.3.2 The prediction of flute shape produced by a certain

form cutter

The drill flute is designed to provide a drill having
certain required parameters. It is important to make sure that
the flute produced by using a certain form cutter is the proper
one. By using the analysis in this section and the computer
program in Appendix V, the drill flute produced by using a
certain form cutter can be predicted. Such contribution enables
drill manufacturers to predict the flute shape produced by a

certain form cutter without an actual flute milling.

The analysis can be explained through the following steps;

(1) The given cutter is presented as shown in Figure (76).
It's contour is assumed to consist of a number of N
points. The coordinate of each point relative to the
coordinate system XYZ, with the origin O coincidimgwith the

drill blank, is defined.

(2) Cne of the points that form the cutter shape is traced.
The coordinate of its corresponding point (on the same
cutter annular circle) at another section parallel and
further from the cutter central section is defined as in

step 3 of section 5.3.1.
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(4)

The coordinates of the corresponding point relative to the

flute coordinate system in such section can be found as in

step 4 of section 5.3.1.

Repeat the same procedure for N points, that form the
cutter shape in the C.C.S, at different sections 1,2,...m

Parallel and further from the C.C.S.

Superpos e all the points (N . m). The intersection
of the outside trace of these sets of points with the
ellipsoid that represent the drill blank in the C.C.S.
yields the oblique flute shape. The flow chart
for the computer program that handlesthe above analysis is
shown in Figure (81). A computer plot of the flute shape
produced by using a typical cutter shape, Figure (82), is

shown in Figure (83).

It is interesting to notice that not any flute shape can

be producéd usinqiform cutter. Thus the above analysis and the

computer program provide a comparison between the required flute

and the actually produced flute shape to see how closely it

fits.

aAnother practical contribution for the drill manufacturer
an

to be able to store and sort the available form cutters insaccurate and

simple way.
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5.4 DRILI, PROTOTYPE MANUFACTURE

Drills were manufactured according to the new flute design.
Drill prototype manufacture involved the form cutter design as before
and the collaboration of adrill manufactulger. The author has had two
types of prototypes of drill, diametral-straight lip and diametral-
partial curved lip . The influence on drill performance of the

new design is studied in the coming chapters.

75



CHAPTER @6

PERFORMANCE TEST
COMPARING DRILLING

FORCES ON CONVENTIONAL
AND NEW FLUTE DRILLS



6.1. INTRODUCTION

Drill performance concepts encompass several aspects. Ernst
and Haggerty (2] investigated drill performance by considering the
following aspects: (i) torque and thrust, (ii) drill life and (iii)
hole size. Fujii [25] restrictad the analysis of drill performance to
the study of drilling forces, and so did Micheletti [58]. Galloway
[15] considered drilling performance criteria as follows- (i) rate of
penetration, (ii) drill life, (iii) efficiency of metal removal, (iv)

hole accuracy, (v) hole surface finish.

The new drill flute (diametral drill) performance was assessed

in this work through the following criteria;

(1) drilling forces (thrust and torque)
(ii) drill life

(1ii) hole quality (size, roundness and surface finish)

The cutting forces, ie thrust and torque play an important part
in tool 1life, hole quality and stress and/or strain on working

elements such as the component holders, drill holders and drilling

machine.

Drilling forces have been studied by many authors for the
variation of helix angle [15,33,58,59,60], point angle [15,58,59,60],

clearance angle [15,58]. point shape [2,13,61,62], chisel edge
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[15,60,63]. The effect of aselected type of point thinning was
reported by PERA [26,38,64].Reznikov et al [65] used ph(ggelasticity
methods to establish the influence of thrust force on the twist drill

stresses. Drilling forces can also be important to comparing drill

performance for different drill designs.

6.2. EXPERIMENTAL DESIGN

An experimental programme was designed to carry out a series of
drilling tests varying the cutting speed and feed rates. The main
objectives of these tests were:

(1) to confirm, by comparing, that the diametral drill reduces the
cutting forces

(2) to investigate the effect of cutting parameters (speed and feed)
on drilling forces for conventional and diametral drills

(3) to establish a regression model for calculation of thrust and

torque.

Each drill type was tested to determine the drilling forces with
varying speeds and feeds. As a result of the drilling feeds and
speeds range available in the machine, the combination of drilling

factors shown in Table 12 were selected for testing. The measuring

equipment was that described in Chapter2 .



6.3. DRILLING FORCE TESTS

The effects of cutting speed N(r.p.m.) and feed rate F(mm/rev)
on drill forces were evaluated bya2X3X3 factorial design for the two
types of drills, conventicnal and diametral. The cbjective of these
experiments were to test the effect of the diametral 1lip drill on

drilling forces.

For each set of drilling conditions and each drill type, the
test was replicated to eliminate, by averaging, the effect of
experimental random deviations. Drilling torques and thrusts were

recorded by a UV recorder as described in Chapter 2.
6.3.1. Material
The work material, En8 steel supplied in 3 m (10 inch)

lengths of 50.8 mm (2 inch) diameter bar was a nominal 45%

carbon steel with the following limits to chemical composition.

C Si Mn S p
Minimum 0.35 0.05 0.60 ~ ~
Maximum 0.45 0.35 1.00 0.060 0.060

The bars were cut into pieces 38 mm long and the end

pieces Jiscarded. The specimens were cleaned, ground

both ends and numbered. Random samples were selected for

hardness tests on each top face. A Rockwell hardness tester was
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used for testing the specimens hardness . The hardness numbers

obtained after the reading fell in the interval 213 HB ~ 217 HB.
The pieces for drilling tests were selected in a random sequence

. and drilled with 38 mm (= 23) deep, through hole.

6.4 ANALYSIS OF THE EXPERIMENTAL, RESULTS

The drilling forces were averaged for each set of cutting

conditions and presented in Table 13 (Thrust) and Table 14 (Torgue).

arrves from Figures (84) and (85) show that, for both drill types,

drilling forces increase with feed as expected. They also show

obvious differences between the conventional drill and the diametral
drill.

the

For each feed, the thrust value relative toconventional drill

at 345 r.p.m. speed has been given the value 100 and the thrust

values for the other cases have been computed accordingly, the results

are shown in Table 15 and the same procedure has been adopted for the

torque values and the results are shown in Table 16.

All the thrust and torgue values shown in Table 15 and 16 are
less for the diametral drill than for the conventional one for the
same drilling conditions. Comparing the thrust values for the
diametral drill with those for the conventional drill shown in Table

13, the minimum ratio was found to be 44% and the maximum 56%, on



average the values of thrust forces for the diametral drill are

approximately 50% lower than those for the conventional drill, for the

same speed and feed.

From the torque results, Table 14 and Figure (85), the minimum
ratio of torque values of the diametral drill with those for
conventional drill was found to be 72% and the maximum 90%. On
average the wvalues of the torque for the diametral drill were

approximately 18% lower than those for the conventional drill.

An analysis of variance on the drilling force results has been
done in order to find if the effects of the test drilling factors were

statistically significant.

For drilling thrust analysis of variance, the following symbols

were used:

dl ~ Conventional

d2 ~ Diametral

. - ~3
Fl,F2,F3, the feeds corresponding to 76.2,152.4 and 228.6x10 Tmn
rev

V1,V2,V3 the speeds corresponding to 345,490 and 690 r.p.m.

Sum of squares for feed effect (after Table 17):

1 ,  57.45°
SSF = 13 (12.052 + 19.3% + 26.1%) ~—3¢— = 8.2279
Sum of squares for drill type effect (gfter Table 17):
1 57.45
SSp = 7g (38.32 + 19.15%) ~ T5p— = 10.1867



Sum of squares for speed effect (after Table 17):

summing for the speed
S1 S2 S3
18.2 19.25 20

1 2 2 57.452

SSS =13 (18.2.% + 19.25% + 20%) - 22227 = 0.13625

Sun of squares for cross effect drill type and feed:

suming for drill type and feed

dl az
F1l 8.05 4.0
F2 13.0 6.3
F3 17.25 8.85
SSDF = %—(8.052+ 13.0%+ 17.25% 4.0%+ 6.3%+ 8.85%) - §Z§%§?
~ 10.1867 ~ 8.2279 = 0.801.
Sum of squares for drill type and speed cross effect:
| summing for drill type and speed
dl d2
S1 11.95 6.25
S2 12.65 6.60
s3 13.70 ~6.30
2
s8pS = & (11.95%+ 12.65%¢ 13.7%+ 6.25% 6.6%+ 6.37) - 21222

~ 10.1867 ~ 0.13625 = 0.13434



Sum of squares for speed and feed cross effect

F2

F3

SSSF :% (3.8

57.45

summing for speed and feed

S1

3.8

6.25

8.15

2

2

S2

4.0

6.35

8.9

+6.25%4 8.15%+ 4

S3
4.25
6.70

9.05

2 2 2 2 2

+ 6.357+8.97+4.257+6.7°+9.05%)

~ 0.13625~8.2279 = 0.03335

Sum of squares for the three factors cross effect

e
2

_57.45

2

(2.57 + 4.27 5.25

2
36

2

Total sum of squares

446.57

57.45

2

4

36

2

+

+2.752).

~ 8.2279~10.1867~0.13625~0.801~0.13434 = 0.09858

19.96187

A summary of the above analysis of variance for drilling thrust,

the effect of the different factors and their interactions were

computed and presented in Table 18.

Proceeding in a similar way

analysis of variance of drilling torque,

is presented in Tables 19 and 20.

as
for thrust, for the

a sumary of these analysis



For the range of the test factors used, the analysis of variance
of the drilling thrust of Table 18 reveals that the effect of drill
type is highly significant at 0.1% levels, also the effect of feed is
highly significant at 1% levels. The aralysis also shows that the
interaction between drill type and feed are also significant at 1%,
whilst the speed, the interaction between the speed and the feed, and

the interaction between the three factors (drill type, speed and feed)

are not significant.

The results of the torque variance analysis of Table 20 shows
that the drill type and feed rate are highly significant at 1% levels,

whilst the speed and interaction are not significant.

The above analysis of the cutting force test performance reveals
that the expectations built upon the hypothesis of better cutting
performance, with a diametral lip drill,were achieved. The reduction
in drilling thrust and torque obtained by the diametral lip drill may
be of particular advantage when using multi-~spindle drilling machines
and multi-spindle attachments. Often the most economic drill
penetration rate cannot be used on multi-spindle drilling operations
because of power and machine rigidity limitations. Also this feature
(reduction in drilling thrust and torque) is of great importance in

the field of portable drilling where an operator's ability to push a

tool is quite limited.



6.5 RESULTS OF REGRESSION ANALYSTS

The SPSS Package (Appendix I) was used to investigate the effect
of the cutting variables on both the thrust and torque. To exclude
the cutting speed as a testing factor was justified on the basis of
~ the above analysis of variance and the reports of some workers who
found the influence of the cutting speed on drill forces to be
negligible [66], insignificant ([5] or nil [67]. The regression

results obtained were as follows:

Thrust force for conventional drills

Th = 15947 F0-0°

Thrust force for diametral drills

Th = 8286 FO- /14

Torque for conventional drills
M = 9159 FO° 74
Torque for diametral drills

M = g447 FO°8

The above results of regression analysis were above 98% correlation

coefficient.



CHAPTER 7

PERFORMANCE TEST
COMPARING DRILL LIFE

FOR CONVENTIONAL AND
NEW FLUTE DRILLS



7.1 INTRODUCTION

The cost of regrinding and the cost of delays at the drilling
machine due to drill failure especially on some multi-spindle machines
have to be taken into account when selecting drilling tools which will
result in optimum drill life. The number of drilling operations
carried out is so vast that evenislight improvement in the tool life
will be of great value to industry. Tool life is the period of
economical use of a tcol before regrinding is necessary. Drill life
is expressed either as a drilling time or as depth drilled between
grinds, but under test conditions where all holes have the same depth
the number of holes between grinds is an equivalent measure of drill

life.

The fundamental difficulty is to find means whereby the end of
drill 1life can be determined precisely. Accordingly different
criteria were developed by different research workers for measuring

drill life as stated below.

(1) a change in colour of the drill from shiney to a dark blue [68]
(ii) a change in sound "cry" and squeaking [26,68-70]

(iii) "screech" [71,72]

(iv) complete destruction [68,70]

(v) significant and rapid change of drilling forces and power [73]

(vi) excessive drill wear [73-75]

Q=
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The first three criteria are influenced by perscanal opinion

rather than on any objective criterion.A drill destruction criterion
is not practicable since the number of holes needed could be extremely
large and considerable damage has to be done to attain this condition

and consequently much work is required if the drill is to be re-

conditioned for further work.

Considering these reasons the last two criteria are investigated

in this work to assess drill life.

7.2 DRILLING FORCES AND PCOWER

Torque, thrust and power are basic process variables that depend
on the cutting conditions and the tool conditions. If it is true that
the torque, thrust and power vary during the life of a drill, then the
changes in these variables should be significant with respect to drill
life. Some workers refer to the cutting forces used as a basic for
tool life criterion [12,76]. However, some others [70,72] doubt the
methods. The present work " monitores thrust, torque and

power to find whether or not any of these variables could be used as

an index of drill life.
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7.3 DRILL WEAR

As any other cutting tool, a drill is subject to wear. In the
general case high speed steel drills wear on the lip relief surfaces
(flanks), rake surfaces, margins and chisel edge, Figure (86). Wear
limit criterion is most commonly used to define tool life for most
machining operations, Bhattacharyya [30]. The outer corner of the
flank is subjected to intensive wear which limits drill life. This
wear which has a close relationship\with the drill life has been

measured(kanai{75})}Also the wear on the outer corner of the drill margin
was measured and used as a drill life criterion (Lenz

[74] and Kaldor [29])

7.4 EXPERTMENTAL DESIGN

The aim for the experiments was to compare two types of drill -
conventional and diametral -~ for drill life and to define criteria

for deciding drill life. Drilling tests may be divided into three

types [12,77].

-~ short duration tests -~ up to approximately 30 holes
~ medium duration tests ~ up to approximately 40~140 holes

~ long duration tests - more than 150 holes

The medium duration tests are reported by Kahng and Ham [77] and will

be selected for these tests.
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All of the experiments were carried out using 19 mm (3/4 inch)

diameter, 230 mm long, high speed steel drills. The two types of

drill are investigated to the variation of (i) speed, (ii) feed. A

i

radial drilling machine was used, all the holes drilled were 2.5 dia.

deep.

7.5 EQUIPMENT

The drilling machine, forces and power measuring equipment,

drill grinding machine and wear measuring equipment involved in

the test program are described in the following :

7.5.1 Drilling Machine

An Asquith radial drilling machine, figure(87), was used for
drilling tests relating to this chapter. The machine was
checked for alignment. The speeds were checked with a

Tachometer device and the feeds by a dial gauge.

7.5.2 Drill Grinding Machine

A prototype drill grinder, Figure (88) was designed and
built upon the framework of an existing Cincinnati Cutter

Grinder to control the grinding parameters. The precision of

the new grinder was evaluated by comparing measured drill point



geometry parameters with their expected values. The design and

construction of the new grinder wasbtesed on a computer aided drill point

geometry analysis. In addition to the conical grinding concept,

the new grinderwas also used to produce ball points utilizing

the mathematic model in Chapter 4. The ground drills were then

employed in an experiment to investigate and compare their tool

life.

7.5.3 Drill Point Measurement

A Matrix drill point measuring instrument manufactured by
Coventry Gauge and Tool Co Ltd., was used to provide a simple
and convenient method of checking the point angle and lip

height.

The instrument has a range of 6 to 20 mm diameter drills

with point angles between 70 and 145 degrees. Standard setting

pieces, ground to the required angle, are used for comparing the
point angle of the ground drills to the set standards to check
their accuracy. The dial gauge on the instrument can read 45°
deviation from the appropriate setting piece for the point angle
measurements and +0.0001 inch for lip height difference. In each
case the dial is set to zero with the standard and then the

ground drill is inserted and the deviation shown by the dial.




7.6 MEASUREMENT METHODS

For the wear measurement on the flank face and margin of the
drills a universal measuring machine, Figure (89) was used. The wear

was measured from a reference line etched on the drill flank and drill

land by a hardness indentation, Figure (90).

The wear was measured after the S5th, 10th, 15th and 20th holes
and each ten holes after that. Wear measurements were carried out
until the 100th hole. To measure torque and thrust a drilling
dynamometer was fixed on the radial drill bed. Force traceswere only

recorded at intervals during the test sequence.

The power input to the drive motor of the machine was measured
using a three-phase wattmeter, connected to the line between the main

switch and the input connection to the drive motor.

7.7  MATERIAL

The workpiece material was the same as that used in the force
measurement. Blocks of En8 - (Grade D) steel in the normalised

condition were used for wear test. The hardness was measured and it

was found to be 210HB.
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7.8 EXPERIMENTAL RESULTS

With respect to the Measurement of the margin wear, it was
frequently observed that this measurement was obscured by the welded
or adhering materials covering the portion of interest at the drill

point, and thus in many cases the attempts at measurement were

abandoned.

Torque, thrust and power were recorded. An analysis of this
data at the early stage of the experimental programme revealed that
none of this data provided a satisfactory criterion for drill life
under the conditions of this experiment. - The flank wear
at the outer corner which is relatively easy to measure was found

closely related to the tool life.

The results for the wear loss against the number of holes
drilled for each set of drilling conditions, and for both drill types

are shown from Figures (91) to (94).

7.9  ANALYSIS OF THE RESULTS

With one exception, all values shown in Table 21 are to be

lower for the diametral drill than for the conventional one, for the

same drilling conditions. Comparing the values for the diametral drill

with those for the conventional drill shown in Table 21, the minimum



ratio was found to be 0.823 and

the maximum 1.0537. ‘However, on

average, the values of the wear rate for the diametral drill were

approximately 10% lower than those for the cenventional drill for the

same speed and feed.

In order to test the statistical significance of the differences
between the values shown in Table 21, an anlysis of variance has been

carried out on these values.

The results are arranged in two separate blocks; one referring

to the conventional drill and another to the diametral drill.

According to the factorial design, one value of each factor
called low and the other high. Accordingly the symbols for factor
levels were considered as in Table 22. The different combinations of

the factor levels for wear testing are shown in Table 23.

To compare the wear performance of both drill types, the wear
rate from Table 21 is divided by 100 (the number of holes drilled).
For convenience of the calculations the values are divided by 1.5 x

10‘5, and presented in Table 24.

Sum of squares within block for conventional (refer to Tables 24 & 25)

2
208 ~ (28-59)7 = 23,6529
Leshad



Sum of squares within blocks for diametral (refer to Tables 24 g 25)
(25.589)2
4

177.1 - = 13.4

Total sum of squares (refer to Tables 25 ang 24)

2
228 + 177.1 - (5§5%19)

= 38.179
Between blocks sum of squares :

2 2 2
28.59 25.589 4.
(28:99)" , 589)° (5 8179) 11057

Total sum of squares within blocks:

23.6529 + 13.4 = 37.0529

Analysis of variance between and within blocks is shown in Table 26.

Treatment sum of squares:

805.2155 _ (54.179)% _ 35.682

2 8

The sum of squares relative to residual treatment and between

blocks is shown in Table 28.

The method of establishing the effects and interactions of the

various factors can be done by following Moroney's methcd [78].

From which the effect of Factor S, for instance is:

(S~1) (F+1) =SF+s5-F-1



The effect of different combinati

ons of factors are presented in

Table 29. In Table 30 the analysis of variance for all factors and

their interactions are presented.

For the ranges of the drilling factors tested, the analysis of

Table 30 reveals that the difference between the drill tyres is non-

ignificant. The effect of speed and feed is highly significant.

The above analysis of drill wear tests reveals that, with a
diametral flute yielding a greater rake angle and less wedge angle,
the wear loss did not increase. The observation of Figures (91) to
(94) shows a better drill wear performance for the diametral drill

than for the conventional one in the majority of cases.

7.10 MODIFIED DIAMETRAL DRILLS FOR WEAR AND TOOL LIFE IMPROVEMENT

The diametral drill is modified at the outer portion of t:he
cutting lips for improvement of the tool life. The special grinding
technique discussed in Chapter 4was used to convert the outer portion
of the cutting lips into curved (spherical) edges which resulted in

decreasing the true feed along the cutting edges. Itwas expected that

this JificationVOUldgistribute the wear uniformly along the cutting

edges and thus enhance the overall life of the drill.

Experiments have been carried out with modified diametral drills

~A



(partial curved) using the same conditions as before. A typical

resilts are shown in Figures (95) to (98). The wear loss values for

the modified diametral drills compared with the conventional drills

are shown in Table 31 from which it can be seen that all the values
are lower for the modified diametral drill than for the conventional
one. Comparing the values for the modified diametral drill with those
for the conventional drill (Table 31), the minimum ratio was found to
be 0.48 and the maximum 0.817. The average values of the wear rate
for the modified diametral drill were approximately 40% lower than

those for the conventional drill.

Proceeding in a similar way as for diametral drill for the
analysis of variance of the wear rate for the modified diametral
drill, the effects of the different factors and their interactions

are
were computed and, presented in Table 32.

The analysis of Table 32 reveals that the difference between the
drill types is significant. The effect of speed and feed is non-

significant.

The above analysis of the drill wear results reveals that the

expectations built upon the hypothesis of better drill wear

performance with a modified diametral drill (partial curved) is

confirmed.



CHAPTER 8

PERFORMANCE TEST
COMPARING HOLE
QUALITY FOR CONVEN.
TIONAL AND NEW
FLUTE DRILLS

0




8.1 MWCTION \

Drill performance varies for similar twist drills and for each
set of cutting conditions. According to (8,15,28,79] such variation
is due to the inaccuracies of drill geometry. This can occur at the

manufacture stage, and/or at the point grinding stage. These

inaccuracies of symmetry are

~ relative lip height

~ eccentricity of chisel edge
~Unequal lip spacing

~ defective drill straightness
~ non equal flute

~ non straight lip (concave or convex)

These drill errors can diminish drill life and influence the

hole quality. In practice,drilling by means of a twist drill is not
requiring .
the machining operation , the highest degree of dimensional accuracy.
Counterboring, honing and reaming are subsequent operations for
an
improvement on,initial drilled hole. Improved quality in drilled holes

results in advantages of direct economic value by giving better

products, reducing production cost through reducing the amount of

material left for removal by the final operation. If improvement of a

high enough value can be obtained the finishing by the subsequent

operations may be eliminated for many conditions.




8.2 HOLE ERRORS

Drilled holes always carry some imperfection and errors which

define the quality of the hole, these are:

(1) Error in shape
The shape of the hole may not be uniform along its depth, giving
rise to different hole shapes such as bell mouth, ball shaped and
concave. The axis of the hole may not be straight but inclined.
Hence the hole cross section at various depth will not be concentric.
Galloway [15] assumed the drill as a cantilever with a concentrated
load at the free end. This load arises fram variation in cutting lip

length. Accordingly the slope of the drilled hole was expressed by

the equation:
3L

1
20/2£2 -\
S (in/in) = 4= e 1)
1 & /
where ,
%3 = the initial deflection of the drill
Kl = hole depth
EZ = drill projection length

(2) Error in roundness

The circularity of the hole Cross section may not be perfectly

round, but irregular, oval shaped or lobal. This is mainly due to the

. . . : ~ v i 1 rindin o
inaccuracies in the spindle bearing and drill g g

Q77




(3) Error in dimension

There 1s a concentric increase in the hole diameter ard thus the

dimensional accuracy of the drilled hole is influenced unfavourably

because of a rotary radial force. Spur [80] related this force to the

following factors:

}

dissimilar length of lips

)

dissimilar point angles

}

dissimilar clearance angles

)

non symmetric web at the point

}

non symmetric flutes

)

dissimilar cutting edge sharpness

The effect of unequal lip length caused by the presence of
relative lip height error was investigated by Galloway [15] who showed
that the drill will rotate about its true axis until the chisel edge
contacts the workpiece, after that the drill will tend to rotate about

a new axis approximately passing through the centre of the chisel edge

at a distance equal to 1/2 K tan P from the original axis and will
produce a hole oversize of an amount K tan P where:

K

relative lip height

P

half the point angle

(4) Imperfection in the hole surface

. 3 1 i tool
Incorrect drill grinding and imperfection 1n the machine

. e 5 e surface. The
can cause waviness and irregularities in the hol



quality of surface finish

in drilled holes for any given set of

cutting conditions is difficult to predict, Billau [72] However

Radhakrishnan [61,81] found a strong correlation between the dynamic

characteristics of the drilling thrust and the hole surface variation.

He analyzed the frequency contents of thrust and suface variation by

using @ dynamic data system technique [82].

(5) Burr formation
A burr will form on the periphery of the exit hole. The burr
geometry (height and thickness) depends on the workpiece material,
drill properties, and drill conditions. Sofronas ([83] investigated
the formation and control of burrs. Gribkov [84] has developed a

special form of drill to ensure that the drill can be passed

througwithout burring.

8.3 SOME ASPECTS OF HOLE QUALITY MEASUREMENTS

Aspects of the hole such as roughness of its wall surfaces,

roundness of the hole cross section and hole oversize above the

measured diameter of each drill were considered for the assessment of

the hole quality provided by the diametral 1ip drills. A comparison

with conventional drills wasone of the objectives.

i e (C.L.A.)
For surface finish measurement, the centre line averag (

; f 4
of the hole wall surface was determined using Taylor Hobson Talysur




shown in Figure (99). The stylus is positi

oned to move along the

specimens which are held in a magnetic fixture to obtain the C.L.A

value across the lay. The mean value of C.L.A. is taken as the

average of four readings.

The hole out of roundnesswas measured using Taylor Hobson

Talyrond Model 1 shown in Figure (21).  Three traces were recorded

for each hole at top, middle and bottom. Minimum rotational speed of
the spindle (stylus) of 3 r.p.m. was used to reduce the fluctuations
on the roundness traces by reduced inertia effect.
an
Hole diameter wes measured using.internal micrometer. A series

of five readingswere made along the hole depth.

8.4 EXPERIMENT

the
An experiment was designed to study the effect ofxdiametral lip

drill on hole quality. For this two types of 3/4in- of drills were

used/ conventional and diametral/ to drill through,al.5 inch deep hole

using a 3VT-1000 Cintimatic NC Milling Machine Figure (100). Three

-4
speeds 345, 490 and 690 rpm and three feeds 762, 1524 and 2286 x 10

mm/rev giving nine sets of working conditions for each type of
drill. The samples were fixed on a spe

ensure that the sample surfaces were

cial fixture designed for this

purpose. The fixturewas €O

parallel with the machine table.




Enl A free cutting steel was useq as test material

It has the
following composition [85]
C Si Mn IS P
Min 0.07 ~ 0.80 0.20 -
Max 0.15 0.10 1.20 0.30 0.07

This material was selected as easily machineable to provide a

reasonable surface, so the measuring numerical values would fall within
the reading limits of the measuring equipment. Samples were cut to

the required length from bar stock and the surfaces were ground.

8.5 GEOMETRICAL ERROR RESULTS

8.5.1. Hole Wall Roughness

Surface finish of the hole wall is largely a geometrically

determined parameter depending on the status of the outer corner
of the two lips and the nature of the tool edge in contact with

the workpiece. Table 33 shows the values taken for the C.L.A.

for the sample tested. It can be seen from the above table and

from Figures (101-103) that a substantial improvement in surface

finish is brought about by the diametral drills. In order to

: i ini n
test the significance of the improvement in surface finish, a

i imental
anlysis of variance has been carried out on the exper




results which were obtained for surface finish

From these

analysis it was found that the improvement is statistically

significant, also the effect of cutting speed was found to be

significant.
8.5.2. Roundness

The out of roundness results are tapulated with respect to
the variable levels in Table 34. All the values were within

2.0 x 10°° inch for the diametral drills and 2.5 x 10°°

for
the conventional drills. The good results for the diametral
drills were cbtained at low speeds (345 and 490 rpm) while at
higher speed (690 rpm) the best results were obtained by the
conventional drills.' is would indicate that, in some
circumstances (low speeds), it might be possible to use a hole
which is produced in one pass of the diametral drill which
previously would have required a drilled and reamed hole.
igure 104 includes ‘traces which demonstrated a remarkably.

increased accuracy in the roundness using adiametral drill

compared with conventional drills

8.5.3. Hole oversize

i the hole oversize above
The average of three readings of

: j top,
the measured diameter of each drill as measured on the top

; i 35. The
middle and bottom of each nole are shown in Table




maximum over

size for each hole related to the variable levels

-
1S

presented in Table 36 and Figures (105-107). ignificance
testing shows that there ig significant difference between the

amount of oversize between the conventional and diametral

drills. Also, the statistical analysis shows significant effect

of the cutting speed.




CHAPTER g

GENERAL DISCUSSION



9.1  INTRODUCTICN

This chapter presents the mathematical and the experimental
programme results and deals with the new definition and models and
their reflect on the twist drill design and consequently onthe hole

producing operation.

Mathematical models are better dealt with by computing
techniques. The advantages of these techniques are:
1) To allow for mathematical model testing:
ii) To allow for reformulation of problems and hypotheses;
iii) To enlarge the field of research for the amount of
information data that can be dealt with and for the complex

relationship that can be analysed.

9.2 CHIP DISPOSAL

Figures (38)-(43) show the new definition, suggested 1in this

work, for chip disposal capacity which define the inscribed circle in

the flute space normal tO the axis of the drill as a good index of

. : - d_
flute disposal capacity, because the chip is formed in a curle

conical shape will only occupy @ circular part of the flute space.

j ’ i Cross
The requirements guiding the design of a twist drill

i 1 e area of th
section profile are that on the one nand the

e flute should




be large enough to allow good chip removal and on the other hand the

area of the drill cross section should be large enought to withstand

the cutting forces. . .
d These are two contradictory conditions, the

I
fulfilment of which requires compromise.

The heel side of the drill flute is traditionally designed to
yield a flute width equal to the land width. unfortunately

such a purely geometric and empirical criterion has in general
not succeeded. As can be seen from the mathematical model in Chapter
3 for the example in Figure (48) the optimum land width should rot be
less than 10.88 mm because any reduction beyond this value will
decrease the polar moment of area without giving any improvment to

chip disposal capacity.

A comparison of the manufacturers traditional selection and the
authork mathematical selection for the face~-heel spacing angle which
controls the flute and land width is shown in Figure (56). Using the

Secon

authord selection, the drill rigidity (polarZ moment of area) could be

increased by 6.7%.

9.3  DRILL RIGIDITY

1 i which oould be
Some workers consider the diameter of the circle which

. ’ axis as a god
inscribed in the cross section normal to the drill

. s count upon visual
index of the torsional rigidity, some Others




description of the cross section polar moment of are
a.

However

because polar moment of area is proportional to rigidity it follows

that neither the visual description nor considering the diameter of

the circle which could be inscribed in the cross section normal to the

drill axis as an index of the torsional rigidity are entirely

valid as proved by the results in Table 6. The following relations

between the cross section area, polar nbment of area and drill

parameters have been deduced

5 1.286 .57 .142 .169 .275

16.9 .10° L d 2w 2P 8
o o]

Area

2 2.74 1.1%4 .33 .063 .034

2.6.10
do L eo 2W 2P

Folar moment of Area

A comparison between the calculated results and the above
empirical equations, Table 8 & 9, provides a good correlation which
warrants its use for design purposes. The correlation co-efficient

(r) exceeds 0.98 for all drills investigated.

To take into account the helical arrangement of the drill flute

which has a considerable influence oOn drill torsional stiffness,

section compliance is integrated along the drill length and the -

provisional polar moment of area is calculated. The relationship

between the helical effect represented Dby the helix angle and the

is] to be linear as shown in
provisional polar moment of area has proved

Figure (47). For the example shown, the provisional polar moment of

area increased by abcut 40% due to the changing of the helix angle




from 20 to 35 degrees.

9.4 CHISEL EDGE ELIMINATION ( ASYMMETRIC APPROACH)

The difference inthleip lengths of the drill configuration (in
Chapter 2) suggested by, drill manufactures lead to a difference in
cutting forces over each lip. This is responsible for high vibration
and consequently poor surface finish at the hole surface and high hole
oversize. Limit modification of this type of drill based on force
balance has shown considerable improvement. The radial force which is
the resultant unbalance force is reduced by about 50% as shown in
Figures (23)~(25). Accordingly the hole out of roundness, Figures
(26)~(28) and the hole oversize, Figures (29)-(31) have been improved
tremendously. The hole out of roundness has shown an average

reduction of about 85% and the hole size becomes 81% closer to the

nominal size.

Although a considerable improvement is obtained, all

the wvalues are higher than the conventional drill Figures (23-31)

because of the remaining asymmetry in the lips. These results prove

is and could be considered as an early

the .
expectation of better performance forsymmetrical approach.

the validity of the analys

The basic cutting data for the element force prediction such as

. : iction angle A are found
the shear stress S, chip ratio R and friction ang




from experimental and regression anal

YSis. The regression analysis

results obtained as follows

A =26.7 + 0.77 a
Ss = $62.4 Kg/mm2
Rt = 0.277 + 0.0048 ¢ + 1.534 F.

The thin shear zone analysis is developed for the purpose of

force prediction using the above cbtained cutting data.

9.5 CHISEL EDGE ELIMINATION (SYMMETRICAL APPROACH)

The flute contour is designed to yield straight-diametral lips
which can be extended to obtain a single cutting edge. As a result

the following features are provided-

1. Elimination of the chisel edge with its unfavourable gecmetrical
parameters, Figure (60). Although a considerable effort has
been made to improve cutting performance of the chisel edge

mainly by different point thinning or different shapes, none of

them eliminate the chisel edge. There must be a chisel edge and

the cutting edge cannot be ragial and extend to the drill
ITwdke case OQ*H\G A{m\-’\-t‘\"‘w o\ M \)

centre. Zin addition to the advantage of elimination of the

of )
chisel edge completely and extension, the cutting edge to the

drill centre, the web of the new drill can be enlarged with the



aim of improving drill

rigidity wi

thout any corresponding

increase in chisel edge and consequently the drilling forces.

° . " .
N negative and more gradual varition in the rake angle.

Figure (62) shows the variation in the normal rzke angle over
the cutting lip to be 25 degrees compared with 42 degrees for

the conventional drill and from Figure (63) the effective rake

angle has increased by about 5 degrees over the whole cutting

lip.

The geometrical analysis revealed that although the normal rake
angle is highly negative along the cutting edge, near the web,
the effective rake angle of the conventional twist drill is
positive. This is because the main cutting edges are offset
from a parallel radial line by an amount approximately equal to
one half of the web thickness at the drill point. This causes
the cutting edges to be oblique to the direction of motion, with
the obliquity increasing toward the centre of the drill.
Oblique cutting usually acts to increase the effective rake

angle of the cutting tools. SO far no one has yet been able to

establish the magnitude of this effect on twist drill

performance. However, introducing the diametral 1lip drill,

which provides no negative but more gradual variation 1in the

rake angle and eliminates obliquity of the cutting edge enables

the establishment of reliable drill performance.



Accordingly the following advantages are cbtaj

ined--~

A conslderable amount of thrust force during drilling is due to

the cutting action at the chise] edge of the drill. This is in

turn due to large wvalues of negative rake angle along with a
very small cutting velocity in the zone of the chisel edge.
Thrust force is reduced by 46 to 56%, Figure (84), due to the
modification of the chisel edge into cutting edges with positive
rake angle by extending the diametral lip to meet the dead

_ the
centre 1n a manner similar to,Vauclain rolled drill [86].

The modification of the diametral drill obviates the
shortcomings of the conventional drill near the drill centre as
above and in the part near the periphery. The cutting edge of
the diametral drill is such that the normal rake angle is more
uniformly distributed and the effective rake angle is increased.
A proper increase in the rake angle can facilitate cutting,
decrease the deformation of the layer of material removed by the

tool, facilitates chip flow and reduces the cutting forces.

Accordingly torque is reduced by 10 to 28%. Such a result is

expected in view of the fact that the reduction of the cutting

force is mainly near the drill centre due to the elimination of

the negative rake angle. This does notappreciably affect the

drilling torque compared with the drilling thrust due to the

small moment arm.
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Thrust and torque values, given in Tables 13 & 14 can be used to

find the net cutting power consumed at the drill point. The net

cutting power is the sum of the Power required to rotate the

drill and to feed it. The data can also be used to find the wok
done per cubic inch of metal removed, and the efficiency of

stock removal.

Work done per minute = 33,000 x net cutting H.P.

Work done per cu.in

metal removed = wWork done per minute

volume of metal removed per min.

The efficiency of stock removal is usually measured in terms of
stock removal in cu.in per H.P. hour, which permits comparsion

between different drilling tools.

stock removed per hour
H.P.

Efficiency of stock removal =

The power required to feed the drill is only less than
the
1% of the total, so it can be neglected in, power

calculation and the power required to rotate the drill is

consided as the net cutting power. Accordingly the power reduction,
from
using the diametral lip drill will be, J0to 28% as in the case of

torque reduction. It is clear that the reduction in torque has

a corresponding reduction on drilling power, while the reduction

in thrust which could be obtained by different point thinning

has no contribution to the power reduction.




an

The importance of drilling force red
. and
influence onthestress, strainon thedrill

uction derives from its
ing tool and temperature
distribution on the drill flank.

The specific energy in cutting and the chip/tool interface
temperature rise rapidly as the inclination angle increased. The
elimination of obliquity by diametrally located lip provides
orthogonal cutting system.

The uniform distribution of the rake angle on the cutting edge
provides more even stress and heat distribution. Because
cutting temperature and stress, have a detrimental effect
on tool wear and tool life, the above stress strain and
temperature distribution and reduction provided by the diametral

lip drill explain the 10% increase in the tool life.

The drilling operation is generally used to rough out the hole.
which is finished by boring or reaming. The normal practice is,
wherever possible, to drill the hole with sufficient accuracy.
Results of test with asymmetric drills in Chapter 2, show their

detrimental effect on hole quality, Figures (26) -~ (31) however

using symmetrical diametral lip drills improvement in hole size

at low or medium (speed x feed) Figures (105)-(107) is cbtained

due to the reduction in drilling thrust and the better centring

of the chisel edge. The reason for
limeted to _
this improvement bemg}ow or medium

due to the elimination
(speed x feed) is
related to the fact that at high (speed x feed) the rate of chip

is afterward extended is

. . + - i
formation in the region where the 1lip



as

higher compared with the rate of chip disposal.

Surface finish obtained by machining depends upon many factors,
but the major influencing factors include the geometry of the
cutting tool. A reduction in the axial component of the cutting

force may reduce chatter in an insufficiently stiff workpiece.

This fact could explain the improvement in hole wall surface quality

in Figures (101)-(103) obtained by using the diametral 1lip

drills.

The statistical analysis show no significant improvement in hole
out of roundness. As this type of error is mainly due to
inaccuracies in drill grinding, the author believes that an
accurate control of extensionof the two lips would provide

improvement on hole roundness.

The shape of the diametral lip drill is a combination of design,

manufacturing and point grindidg. The different production

processes are:

1. The two contradictory conditions, chip disposal and drill
rigidity are dealt with using the theoretical analysis in

Chapter 3. Accordingly the face-heel corners angle Is

optimized.

2. The cbligque flute is directly cbtained using the developed
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method by the author in Chapter 5 - Figures (71),(72).

This developed method facilitates the analysis by
o form
predicting the oblique flute . without the necessity of

finding the orthogonal flute form.

Traditionally, trial and error methods are used to predict
the cutter form, especially for special flute shapes. To
provide an accurate prediction of the cutter form and to
eliminate the interference caused by the helical nature of
the flute, a mathematical analysis and numerical
investigation handled by a computer program provide the
solution. Figure (77) shows the effect of interference on
the flute of a cutter where interference is not allowed for . The
solid contour represents the required flute, the dashed
contour represents the intersection of the cutter with the
blank at different planes along cutting direction. The
final obtained flute shape 1is the superimposed dashed
contours.

Both sides, face and heel, of the drill flute are affected
by the interference action. The effect on the face side
will provide convex rather than straight cutting lips. The
convex cutting lip sets up a tensile force within the chip
in addition to the other metal cutting forces. The
interference taking place on the heel side will affect the
drill rigidity and the optimization of the two

contradictory factors, chip disposal and cross section



area. Using the computer program in Appendix 4, the cutter

shapes required to produce the diametral lip drill and the
diametral partially curved drill are cbtained. Figures(79)
and (80) show computer plotted cutter shapes for both

drills respectively.

4. To enable the drill designer and drill manufacturer to
predict the flute shape which can be obtained using a
certain cutter shape, the author developed a mathematical
analysis (Chapter 5) and computer program ({(Appendix 5) to
handle the objective. The contribution of this computer
program is to avoid an actual cutting operation to find
which cutter for which flute, Another practical

contribution is to store and sort the available cutters.

9.6 DIAMETRAL DRILL MODIFIED FOR IMPROVED LIFE

The diametral drill provides many advantages over the conventional

one although the tool life improvement 1Is limited to about 10%.

7

However using the special grinding technique in Chapter 4 the cutting

edge near the periphery is curved, the chip thickness is decreased,

and the stress and heat are more evenly distributed on the cutting

edge, accordingly the tool life is increased by 40%. The limitation

of curving the periphery rather than the whole cutting lip is

attributed to the fact that curving the portion near the drill centre
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would increase the point angle in that region. An increase in the
point angle on the near to centre portion will increase the thrust
force at that region. For insufficiently rigid tcols like twist
drills this force causes severe vibration or chatter of both workpiece

and cutting tool during the tool commence meet with the workpiece.

A prototype grinding machine designed and built for the work was
used for the preparation and grinding of the diametral drill to
provide a partially curved diametral point drill. Tool life tests
were run to determine the improvement cbtained by this point grinding
technique. As a matter of economy and because resources

were , a hundred holes were drilled after
which flank wear was measured at the outer corner and taken as the
criterion for drill life. Figures (95) to (98) show the diametral
partially curved point has a considerable effect upon wear rate
compared with the conventional point. It can also be seen from the
above figures that the wear pattern followed the classical wear
pattern and that in general uniform wear patterns occured after the

first rapid stage.



CHAPTER 10

CONCLUSIONS AND
FUTURE WORK




S .

10.1 INTRODUCTICN

The work reported in this thesis can be divided into the

following parts

(i) Reviewof the fundamentals of drilling and drill modification

(Chapter 1).

(ii) Investigation of an asymmetric drill with the aim of

modification to its performance (Chapter 2).

(iii) Analysis of the twist drill rigidity and chip

disposal capacity (Chapter 3).
(iv) Design of a new drill flute (Chapter 4).

(v) Design of the cutter shape to mill any required flute shape

(Chapter 5).

(vi) Comparative performance tests between a conventional drill and

the new flute drill (Chapters 6, 7, and 8).

In the preé%t work, twist drills are dealt with in three stages:
manufacturing, point grinding and hole producing. These three stages

represent a complete typical function cycle of a twist drill.
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10.2 CONCLUSIONS

The difficulty of point grinding and balancing the cutting
- forces over .the two 1lips for an asymmetric drill
necessitates the similarity of the two lips (symmetrical

approach) .

For complete definition of the flute profile the flute heel
can be mathematically modelled. This model can be based on
the proper compromise of the chip disposal capacity and the

drill rigidity.

The radius of the circle which could be inscribed in the
flute space normal to the drill axis is considered to be a
good index of flute disposal capacity, because the chip
which is formed in a curled-~conical shape will only

occupy a circular part of the flute space.

A study of a range of twist drills indicates that for some

cases the inscribed diameter of the circle which could be

inscribed in the cross section normal to the drill axis is
an

not , accurate index of the torsional rigidity. The polar

moment of area may be counted onas an accurate and reliable

index of torsional rigidity.

mhe traditional selection of land width by the drill
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10.

manufacturer (land width = flute width) is not entirely

correct.

The provisional polar moment of area can be estimated

thecretically.

The shape of the drill flute should be such that the
cutting lip will be a straight 1line. If the 1lip is
concave, a compression force is set up within the chip, and
conversely, if convex, a tensile force is set up in addition

to the other metal cutting forces.

The chisel edge can be eliminated by the design of a flute
shape to provide diametral-straight lips as viewed normal

to the drill axis.

A quadratic spherical model can be used to provide a
diametral partially curved lip drill. This distributes
the load along the cutting lips and compensates for the

variation of the cutting speed along the lips.

form
The oblique flute .(normal to the helix) is of practical
it enables o
importance asathe profile of the form milling cutter that
should be employed for milling the helical flute from drill

blanks to be determined.
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11.

12.

13.

14.

15.

The interference prcduced when milling a helical flute with

a disc type cutter can critically affect the flute shape,
consequently affect the geometry of the cutting lip and the
drill rigidity. Accordingly a proper cutter design should

allow for the interference action.

To modify the flute form, the lip shape affects drill
performance as far as drilling forces, lip wear and hole

quality are concerned.

Drilling torque and thrust is lower for the new design
drill than for the conventional one. The experimental
results show that with the new design drill the torque
decreased between 10 to 28% as the thrust decreases between

44 to 56%.

Analysis of variance on the drilling thrust results has
shown the effect of drill type and drilling feed are highly
significicant. The effect of the interaction between the
drilling speed and drilling feed and the interaction
between the three factors (type, speed, and feed) are non-

significant.

Analysis of variance on the drilling torque results has
shown the effect of drill type and drilling feed are highly

significant, while the drilling speed and all the



16.

17.

18.

19.

20.

interactionsare non-significant.

Welded and adhering materials covering the irvestigated
‘ ' resulted inthe the
portion of the margin,abandonment of ,attempt to measure and

define tool life based on this criterion.

Torque, thrust and power measurement show no satisfactory

criterion for drill life under the conditions used.

Lip wear at flank for both the conventional drill and new
design drill show similar wear patterns but different
intensities as far as drill type and drilling conditions
are concerned. Lip wear is smaller for the new design

drill.

With a special grinding technique, the straight cutting
edge of the new design drill can be converted to curved
(Rall) edges which resulted in further improving in tool

life by lowering the values of the wear rate.

2nalysis of variance of the wear rate results show that:
the difference between drill types is non-significant for
conventional and new design straight-lip drill and

significant for conventional and new design diametral,

partially curved drills.



Analysis of variance has also shown that for both drill

types the effect of cutting speed and feed is highly

significant. The effect is non-significant for partially

curved drills.

22. In certain cutting conditions, it might be possible to use
a hole which is produced in one pass of the new design
drill which previously would have required a drilled and

reamed hole.
10.3 SUGGESTIONS FOR FURTHER WORK
The new flute design based on the conditions of eliminating the
chisel edge and providing a diametrally located lip extended to the
drill centre when compared to the conventional drill design provedto be

an improvement in drilling steel relative to the conventional drill.

The following avenues ahead are suggested for further work:

fed
1. To extend the new drill design for oilrdeep hole drilling.
2. To apply the new approach to the drilling of ductile materials
normally ‘ ‘
(copper and aluminium whichahave long ribbon chips)to provide

was o
a compact curled chip as.proved from a limited test.
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To design a point grinder which enables both . flank

grinding and lip extending at the same time.

To introduce a uniform, thicker web since with the new design
the web size provides more rigidity without affecting the

cutting performance.

Such other factors as cutting fluid and machine design can be
included in further studies to find the inter-relations among
the drill geometry, drill performance and these factors.
Different criteria can also be used to find the associated

optimum drill geometry and cutting conditions.

Other aspects of hole quality, such as hole parallelism and burr
formation, and their correlation with other components of the

drilling forces such as the horizontal force can also be

investigated.

To investigate the influence of the diametral and partially
curved drill on some other aspects of drilling performance such

as forces and hole quality.

The performance of the new flute configurations should be

studied at a wider range of speeds and feeds as well as sizes

and materials.
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To investigate the influence on drilling performance of a drill

with lips located  ‘“etween the conventional and diametral lip
locations. It is thought probable that such a lip configuration
may provide the advantages of the diametrally located lips
reported in this work and the better hole quality at higher

metal removal rates (speed x feed).

124




REFERENCES

m, Sgrvey of machining requirements in industry, Preduction
Engineering Research Association, Report (1969).
msr H ‘arxi HAGGERTY A, The spiral point drill ~ a new concept in
drill point geometry, Transaction of the ASME, June 1958.

SHEFFTELD TWIST DRILL AND STEgL COMPANY, Deep hole drilling with HSS
twist drllls_, Brunel University Second International Conference on
Deep Hole Drilling and Boring, May 1977.

BIIIAU D.J., An investigation relating to double margin drill
performance and flank face geometry, PhD Thesis, University of
Nottingham 1977. .

WIJ?IYZ}COSOL S and ARMAREGD E.J.A., Thrust and torque prediction in
drilling from a cutting mechanics approach. 2nnals of the CIRP Vol,
28/1/1979.

OXFORD C.J. Some recent research on twist drills and drilling,
American Society of Tool Engineering 1955.

ARMAREGO E.J.A and WRIGHT J.D., An analytical study of three point
grinding methos for general purpose twist drills, Annals of the
CIRP, V01.29/1/1980.

OXFORD C.J. Jr. On the drilling of metals, 1 - basic mechanics of
the process, Transaction of the ASME, February 1955.

OXFORD C.J. Jr. A review of some recent developments in the design
and application of twist drills, Advances in machine Tool Design and
Research, MTDR Conference, 1964.

ARMAREGO E.J.A. and ROTENBERG A., An investigation of drill point
sharpening by the straight lip conical grinding method, 1 - basic
analysis, Int.J. Mech. Tool Des. Res. Vol 13. pp 155~164 Pergamon
Press 1973.

RUSSEL. W.R., Drill design and drilling conditions for improved
efficiency, ASTME paper No 397 Vol 62. Book 1 1962.

@ILICWAY D.F. and MORTON I.S., practical drilling tests, Research
Department of the Institution of Production Engineers. 1946.

TSAI W.D., Drill geometry models and dynamics of drilling, FhD
Thesis, University of Wisconsin Madison, 1977.

PAIS M.D.S., The influence of flute form on drill design and
performance PhD Thesis, Loughborough University of Technology, 1982.

GAIIOWAY D.F. Some experiments on the influence of various factors
on drill performance, Transactions of the ASME, Paper No 56 SA-~18,

1957.



[16]

[17]

[18]

[21]

[23]

[26]

[27]

(28]

WALLER C.E., Some_special equipment and techniques developed for the
performance testing of twist drills. Annals of the CIRP Vol.8,
pPp367~373, 1966.

NATIONAL TWIST DRITI. AND TOOL CO., Torsional rigidity of twist
drill. Metal Cutting. Vol.10, No.3, 1962.

NATICNAL: TWIST DRILL AND TOOL (0., Short drills vs long drills,
Metal Cutting. Vol.l, No.4, 1954.

BITJIAU, l?.J. ard HEG}NBOIEAM W.B., Scme aspects of drill performance
and testing. 9th International MTDR Conference Proceedings, 1968.

BILPAU, D.J. ard MCGOLDRICK P.F., An analysis of the geometry of the
periphery of the flank face of twist drills ground with cylindrical
and conical forms. Int. J. Machine Tool Des. Res., Vol.l9, p69-86,
1979.

ARMAREGO E.J.A. and ROTENBERG A., An investigation of drill point
sharpening by the straight lip conical grinding method ~ II. A
criterion for selecting a solution, Int. J. Mach. Tool Des. ERes.
Vol.1l3, pp 165-~182, 1973.

ARMARE(O E.J.A. and ROTEMNBERG A., An investigation of drill point
sharpening by the straight lip conical grinding method ~ III drill
point grinder design features. Int. J. Mach. Tool Des. Res. Vol
13, pp 233~241, 1973.

FUJII S, DEVRIES M.F. and WU S.M., An analysis of drill geometry for
optimum drill design by computer, Part I ~ Drill geometry analysis.
Transactions of the ASME paper No 70 ~ Prod~5, 1969.

TSAT W.D. and Wu S.M., Computer analysis of drill point gecmetry.
Int. J. Mach. Tool Des. Res., Vol.l19, po 95-108, 1979.

FUJII S., DEVRIES M.F., and WU S.M., Analysis and design of a drill
grinder and evaluation of grinding parameters. Transactions of the
ASME, Paper No.7l ~ WA/Prcd-5. 1971.

PERA, Drilling alloy steel, PERA report No.53, 1957.

BIRD W.W., A twist drill dynamometer, Trans. of the ASME, Vol.26, pp
355, 1905.

IORENZ G., A contribution to the standardization of drill
performance tests, Annals of the CIRP, Vol. 25/1/1977.

KALDOR S., Investigation in tool life of twist drills, Annals of the
CIRP. Vol. 29/1/1980.

BHATTACHARYYA A., and HAM I., Design of cutting tools. American
Society of Tool and Manufacturing Engineers, 1969.

IORENZ G., Helix angle and drill performance, Annals of the CIRP,
Vol. 28/1/1979.



SHAW M.C., and CREORD Q‘JT Jr., On the drilling of metals, 2 -~ The
torque and thrust in drilling. Transactions of the ASME, 1957.

HATSCHER R.L., Fundamentals of drilling. American Machinist Special
Report 709, 1979.

CRIPS W.H., Fluted cutting tools. U.S. Patent 2,769,355, Nov 6,1956.

BILLAU D.J. McGOLDRICK P.F. and HEGINBOTHAM W.B., The performance of
double margin drills with both margins cutting. Proceedings of the
19th International Machine Tool Design and Research Conference,
Manchester 1978.

ZHIROV V, Drilling practice. Translated from Russian by Tokmakov,
Peace Publishers, Moscow 1964.

BHATTACHARYYA A., and HAM TI., Modification of drill point for
reducing thrust. Transactions of the ASME, Paper No 71 ~ Prod-~12,
1971.

PERA, An investigation into the effects of point thinning and drill
stiffness on drill performance. PERA Report No.89, 1962.

OXFORD C.J. Jr., Self-thinned heavy-duty twist drill structure. U.S.
Patent No. 2,778,252. Jan.1957.

GIDDINGS and LEWIS, BICKFORD, Model HC drill point grinder. Catalog
No. HC-~1-~B., 1980.

ERNST H., and MERCHANT M., Chip formation, Friction and high quality
machined surfaces: Surface treatment of metals. American Society of
Metals, N.Y., Vol.29, p 299, 1941.

MERCHANT M.E., Mechanics of the metal cutting process. J. Appl.
Physics, Vol.1l6, No.5, p 267, May 1945.

PALMER W.B., and OXLEY P.L.B., Mechanics of orthogonal machining.
Proc. I.Mech.E., Vol.173, p 623, 1956.

ORUSHIMA K., and HITOMI K., An analysis of the mechanics of
orthogonal cutting and its application to discontinuous chip
formation. Trans. of the ASME, Series B, J. of Eng. for Ind.

Vol.83, p 545, 1961.

BITANS K., and BROAN R.H., An investigation of the deformation in
orthogonal cutting. Int. J. Mach. Tool Des.Res. Vol.5, p 155, 1965.

NORMAN et al., SPSS ~ Statistical Package for Social Sciences.

SPUR G., Drilling with twist drills of different cross section
profiles. Annals of the CIRP. Vol. 30/1/1981.

KIRILENKO A.L., Importance of flute helix angle of twist drills.
Machines and Tooling. Vol.43, 1972.




TSAI W.D. and WU S.M., Measurement and control of the drill point

grinding process. Int.J.Mach. Tcol Des. Res. Vol.19, pp 109-120
1979. /

CHITAIE A.K.,. Graph‘ical approach for the determination of flute
contour of twist drills. Institute of Engineering (India) Vol.54,
January 1974.

SI_IAW IV_I.C., CCOK'N.H., and SMITH P.A., The mechanics of three-~
dimensional cutting operations. Transactions of ASME, Vol.74,
p.1055, 1952.

SHAW M.C., Metal cutting principles. The M.I.T. Press, 1952.
SHAW M.C., Discussions of paper no. [8].

IYUBIMOV V.E., New Method of grinding curved lip drills. Machines
and Tooling Volume XXXIX No.8, 1968.

TSAT W.D., and WU S.M., A mathematical model for drill point design
ard grinding. Trans. of ASME Paper No 78-WA/Prod-35, 1978.

RADHAKRISHNAN R.K., KAWLRA R.K, and WU S.M., A mathematical model of
the grinding wheel profile required for a specific twist drill
flute. Int. J. Mach. Tool Des.Res. Vol.22, No.4 pp 239:-251, 1982.

COMPUTER AIDED DESIGN CENTRE, Gino~F, the general purpose graphics
package.

MICHELETTI G.F., and LEVI R., The effect of several parameters of
twist drill performance. 2Advances in Machine Tool Des. and Res.

MTDR Conference, 1967.

VENKATARAMAN R., Principles and applications of tool simulation in
the metal cutting process. Int. J. Mach. Tool Des. Res., Vol.8

pp.97~106, 1968.

ARSHINOV V., and ALEKSEEV G., Metal cutting theory and cutting tool
design. MIR Publishers, Moscow 1970.

RADHAKRISHNAN R.K., Drill point geometry and optimization. and on-~
line monitoring of drill condition. PhD thesis, Univ. of Wisconsin,

Madison, U.S.A., 1980.

ARMARE® E.J.A., Some thoughts on a modified twist drill geometry.
Metal Cutting Research Report No. 1968/MC/1.

PAL, A.K., BHATTACHARYYA A., and SEN G.C., Investigation of the
torque in drilling ductile materials. Int.J Mach Tool Des.Res.

Vol.4 pp 205-221, 1965.

PERA, Application of recommended point shape for drilling cast iron.
PERA Report No.72.




[68]

(82]

REZNIROV A.N., et al., Investigation of stresses in twist dri
Machines & Tooling Vol XXXVI No.9, 1965. rills.

CHRO B_.T., ard BISACRE. G.H., The effect of speed and feed on the
mechanics of metal cutting. The Inst of Mech.Eng. Vol.165, 1951.

FOADINGER T.J. and TOWNSEND M.A., Torque and thrust parameters in

drilling using dimensional analysis. Trans., of ASME Paper No.79-
WA/PROD~4, 1979.

SINGP{MLIA N.D., and RUEBLER A.A., A quantitative evaluation of
drill life. Trans. of ASME Paper No.66~WA/PROD-~11, 1966.

VARLEY G., Durability of twist drills machining cast iron. The
Engineer, August 17, 1934.

WILLIAMS R.A., and McGILCHRIST C.A., An experimental study of drill
life- Into J- P'L”Od. RES- 1972[ VOltha NO-2 175"191..

WILLIAMS R.A., A study of the drilling process. Trans. of the ASME
Paper No.73-WA/PROD~6, 1974.

BILIAU D.J., Economic Considerations of drill performance. MSc
thesis, University of Nottingham, 1964.

SUBRAMANIAN K., and COOK N.H., Sensing of drill wear and prediction
of drill life. Trans. of the ASME Paper No.76~WA/PROD~33, 1976.

IFNZ E., MAYFR J.E., and LEE D.G., Investigation in drilling.
Annals of the CIRP Vol. 27/1/1978.

KANAI M., and RANDA Y., Statistical characteristics of drill wear
and drill life for the standardized performance tests. Annals of
the CIRP Vol. 27/1/1978.

NATIONAL TWIST DRILI, AND TOOL COMPANY, Twist drill life testing.
Metal Cuttings Vol.2 No.3, April 1955.

KAHNG C.H., A Study on sequential quality improvement in hole~making
processes. Annals of the CIRP Vol.24, 1975.

MORONEY M.J., Facts from figures, Penguin Books, England 1978.

GALLOWAY D.F., Advances in drilling techniques arising from recent
research. Microtechnic, Vol.IX, No.3.

SPUR G., Measurement and significance of radial forces in the
cutting action of twist drills. Microtechnic, Vol.XV, No.2.

RADHAKRISHNAN T. and WU S.M., On-line hole quality evaluation for
drilling composite material using dynamic data. Trans. of the ASME

Paper No.80~WA/PROD~16, 1980.

WU S.M., Dynamic data system: A new modeling approach. Trans. of

the ASME Paper No. 76-~WA/PROD-24, 1976.




[85]

[861

SOFRONAS A.S., The formation and control of drilling burrs. FPhD
Thesis, University of Detroit, U.S.A., 1975.

GRIBKOV YU P., et al., Drill for deep drilling aluminium. Machines
and Tooling Vol. XXXVI No.9, 1965.

BRTTISH STANDARD 970, 1955.

VAUCIAIN A.C., and WILLE H.V., The Vauclain drill. American Society
of Mechanical Engineers, 1912.




APPENDIX 1

SUBPROGRAM REGRESSION

The variable transformation procedures of the SPSS package
alllow the regression subprogram to be used for a variety of multi-
variate analysis, such as polynomial regression, dumy regressions and
analysis of variance and covariance. In addition the subprogram allows
the user to examine the residual and predicted values for later
analyses. Input to the regression subprogram may consist of either
raw data cases or a correlation matrix. If the input consists of raw
data cases any of the SPSS variable transformation features may be

used and several options are available for handling missing data [46].

4.2.2. Printed output subprogram regression

The output from a multiple regression computer 'run' can be
varied by selecting from the options available the mannner in
which the data is treated and the statistics produced. All the

'runs' made for this part of the work involved the following

section:

OPTIONS 1 This option causes the subprogram to include all

cases in the calculation of correlation

coefficients.

STATISTICS 2 This statistic causes means, standard deviations




and number of valid cases to be printed in a

table.
The output is divided into two parts:
(1) Step by step results and

(2) a summary table

The first part provides relevant statistical information
for each regression equation calculated, by choice each step
involves the addition of one independent variable to  the
regression equation for ease of analysis and inclusion of only

'significant' variables.

The summary table of the output is printed after the final
step in the analysis and provides a brief synopsis of changes
occuring at each step. Fach step-by-step section is headed with
the step number and a list of independent variables entered on
the current step. Below it is a list of statistics relevant to

the prediction equation. The statistics are:

(1) the multiple correlation coefficient (multiple R)
(2) the value of R’

(3) the adjusted Rz

(4) the standard error of estimate for the prediction

equation.

On the richt side is an (ANOVA) table which presents all of



the information relevant to a test for R2, the overall test
for goodness of fit of the equation. Immediately below the
foregoing information the step-by-step output is divided into
subsections labelled "variables in the equation" and "variables
not in the equation". Within the former regression statistics
are given for all variables entered into the equation wp to and

including the current step.

The unstandardized regression coefficients are listed under
the column head B. The last value in this ocolumn (constant) is
the Y intercept. Standardized partial-regression coefficients
are listed under the Column (Beta). The column (Std Error B)
contains the standard errors for each of the unstandardised
regression coefficients, which can be used in a t-~test or in
establishing confidence limits for the Beta's. The F-ratios in
the column (F) are used in tests of significance for the

individual BReta's.

Variables that have not been entered into the equation, but
that appear in the predictor list, are treated in the "variables
not in the equation" segment. The first column, headed "Beta
in", is the standardized partial regressicn coefficient that a
variable would have if it alone were entered cn the very next
step. Under the column head ‘"partial" is the partial-
correlation coefficient for each vaariable with the dependent

variable, after variables already in the equation have been




partialled out. The remaining two values, "Tolerance" and "F,

are used by SPSS when a stepwise mode of analysis is called for.
In order to be entered in a stepwise regression, the tolerance
and F values must exceed those specified in the parameters
section of the regression design statement. From the variables
whose tolerance and F values are satisfactory, the variable with
the largest partial~correlation coefficent is selected for entry

on the next step.

A summary table appears near the end of the print out. It
should be noted that the summary table treats variables as if
thev had been entered one by one, even when variables are

entered in blocks or in a single step.

The simple correlation coocefficient between the dependent
variable and each of the independent variables appears under the

column head "simple R".



APPENDIX II

DERTIVATION FOR THE AREA AND POLAR MOMENT OF

INERTTA OF THE DRILL CROSS SECTION

Flute Face

The flute face is that portion of the drill flute which yields
the cutting edge. Galloway [15] developed a mathematical model for
this part of the flute in the plane normal to the drill axis. As
shown in Figure 44, any point P' on the straight cutting edge has a
corresponding point PO on the primary flute whose ccordinates in the

R~€ polar reference system are given by Galloway as:

W
R = —
Sin(&y) 5
e - 4 tan o Cot P (RZ - W2)
1 Ro
1 W
where €, = sin™ ( R )
Flute Heel

There is no full specification for the heel shape and the heel
corner. The heel shape and heel corner position will affect the
torsional rigidity of the twist drill and the conveyance of drilling
chips. To define the heel side, it is necessary first to define the
heel corner position e with respect to the face corner a and secondly
the heel side is represented by a second degree polynomial. In
terms of the angular difference margin/heel, B, and from the end
conditionsthe portion ce can be defined as:

Y=mx2+w



From the end condition

Sin (8+z o) -

n = RO.COSZ (B+€o)zv—
From Figure 45, half the cross section area A/2

= (area I + area II) under curve ac

+ (area III) under curve ce

+ (area IV) under curve ex

Ro
area I = Wj R.€ dr
1 5
where € = Sin g; + tan O Cot P (R~ - W2)
Ro
2 L
-1 W W 2 2,2
area I = B%— Sin o +t5 (Ro™ = W)
2 2
+ tan 6o Cot P (RS - W2) W2
3
II = T
area i
0
area I1I = [ vy @x
*e
o 3
= - ( ;;e W)
Xe
area IV = f y dx
5y 2 2




Half the polar moment of area JO/Z

= Ml moment of aresa I

+ M, moment of area II

2
+ M3 moment of area III
+ M4 moment of area IV
= r 3€
My = 4 R ®dR
4
. R Nt A N %
~ . Sin Ry 73 ( 3 + w2 VF)
tan G5 Cot P P WL E/E W
+ ( + ) -
R, 5 3 8
M. = L W4
2 8
3.7 2 5 3 3
M. = - (X Wm X +_n1h¥ X0 X W )
3 23 20 4 4
3
- (B - T,
5 3
— 2 4 —.4
M, = XeF/F +3xeRQ /E—_'_BRQ Sln-l._X§_+§W__RiQ_
4 16 32 32 Ro 64
4 if
%o BVF | xe B /F LB ol % 1R
4 8 8 R, 16

where  xg = Ry Cos ¢ + B)

and F=Ry - Xe



APPENDIX III

COMPARISON OF SEVERAL EXPRESSIONS FOR THE CALCULATION

OF THE RAKE ANGLE

The normal rake angle o n' as defined by Shaw

[51], is the

 i‘ang1e measured from a normal to the finished surface in a plane

 perpendicular to the cutting edges.

From his geometrical observations, Shaw [51-~53] has derived the

~ following expression for the calculation at the rake angle:

and

tan o, = (tan O Cos CS + tan O sin CS) Cos 1
_ tan©® _tan i
tan oy = Hh e Sin Cg

S

substituting (III.2) into (III.I) we get:

tan ¢
n

Cos i
Sin Cg

(tan © ~ tan 1 Cos CS)

Cos P
Cos i

 substituting the value of C. into ITI.3

where

tan = —
n "~ [CosZi-Cos? B>

1 ;(tan@Coszi ~ sin 1 Cos P)

inclindation angle
half the point angle

helix angle at radius R

(I11.1)

(I1I1.2)

(ITI.3)

(II1.4)



oxford [8] defined the normal rake angle ¢ as the angle
n 14

measured in a plane normal to the cutting edge, between the cutting

face (plane) and a normal to the plane containing both the cutting

edge and the drill velocity vector. Accordingly its value was given

by:
o n Taf ~ 0]
where

tan® = tanB Cos P:

_ tan © Cos B
tan & = S5 T 57 W Cos B
H
: W
S1 = =
ng=
From (III.S)

tan af - tan ¢
1+ tan of tan ¢

tanan = tan (OS‘E ~9) =

substituting the value of ¢ o and B into (IIT.6) we get:

21TW
tan _ tan® CosB-tanB CosP SinP + H Cos P tan 8
Gn ~ SinP - 2qw CosP + tan® Sinf CosP
H
where

tan@ - 2TR

|

n
g.

%)
'.J.
>
™
]
il
| =

3
el

R sin P = sin 1

(I11.5)

(I11.6)

(I11.7)

(I11.8)

(IT11.9)

(II1.10)



) and (III.9) it can be found that

= tan® sinR (II1.11)

"Multiply (II1.7) by sin P and substituting the value of 2WHW from 1IT.11.

. e om get
1

2. .
tan o = T (tan® Cos“i ~ Cos P sin i I11.12
n- [Coszi-CoszP]2 ) ( )

Of : face rake angle

W : half the web thickness

Galloway [15] defined the normal rake angle as the angle between
 the drill face and the plane which contains the cutting edge and which
is perpendicular to the machined surface at the given point on the

. cutting edge. The following equation was obtained forg, .

il 2 . 2
_ (p - T Sin P) T Cos P III.13
tant, = ST 4% st G Tz o2yl (111.13)
b = % (III.14)
1= _R Sini (ITI.15)
Ry Ro Sin P
Substituting (III.15) into (III.13) we get:
2
R R ,
((R) - (R sini)?jtanf,- = Cos P Sin P
tany. = © °© Ro (IIT.16)
no -
R2 — W2 2
Sin P (————2——)
R

0]




= R Cos B (I11.17)

 substituting (III.17) into (III.16) we get:

.. tan © C052 i - Cos P Sin i

I11.17
Sin P Cos B ( )
1
s 8 o (8in° P - sin? 5)°
Sin P
2, 2 L
_ (Cos™ 1 - Cos P) (I1I.18)
Sin P
substituting (III.18) into (III.17) we get:
tano = L (tan © Cos®i - sin i Cos P) (II1.19)

EiDSZi-COSZP] ’

Comparing (III.4), (III.12) and (III.19) which come from the
expressions presented by Shaw [51-53], Oxford [8] and Galloway [15]
respectively shows that although different expressions have been
developed by different workers, however it can be proved that each one

can be triébometrically transformed to be the other.
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APPENDIX V

***PROGRAM FLUTE***
TO FIND THE FLUTE SHAPE FROM AKNOWN CUTTER SHAPE
SETTED AT THE SAME ANGLE AS THAT OF THE HELIX

DIMENSION XWBAR(800),YWBAR(800),XF(800),YF(800)
DIMENSION XBAR(800),YBAR(800),X(800),Y(800)
DIMENSION XWHEEL(200),YWHEEL(200)
DIMENSION XFLUT(200),YFLUT(200)
DIMENSION XFSTAN(75),YFSTAN(75)
READ(1,5)NW, NFSTAN
5 FORMAT(2I3)
READ(1,10) (XFSTAN(J) ,YFSTAN(J),J=1,NFSTAN)
10 FORMAT(2F8.3)
READ THE DRILL PARAMETERS
READ(1,15)RO,HO, P, RWEB
15 FORMAT (4F6.3)
PI=3.1415926
HO=HO*PI/180.
P=P*PI/180.
READ CIUTTER PARAMETERS
READ(1,20)RMAX
20 FORMAT(F6.3)
N=0
NP=0
NPOT=0
IN=0
**% READ X,Y FROM DATA FILE WHICH DEFINE THE CUTTER SHAPE
READ(1,25) (XWHEEL (MM) , YWHEEL (MM) ,MM=1,NW)
25 FORMAT(2F8.3) _
*%%* TAKE THE CUTTER EFFECT ON DIFFERENT SECTIONS STARTING FROM
**%x  7ZBA=() TO ZBA=16 AND NEGLECT THE NEGATIVE SIDE BECAUSE THERE
*** TS NO INTERFERENCE IN THAT SIDE
z=0.0
30 Z2=2+1.0
1Z=3
ZBA=7Z
IF(IZ.GT.14)GO TO 40
DO 35 M=1,NW
XWBAR(M)=XWHEEL (M)
YWBAR (M) =RMAX+RWEB-SQRT ( ( RMAX+RWEB-YWHEEL (M) ) **2~ZBA*ZBA)
*** DHIS PART IS TO CHECK IF ANY POINT IS OUTSIDE THE DRILL CROSS
XX=XWBAR(M)~-ZBA*TAN (HO)
YY=YWBAR (M)
AA=RO/COS(HO)
BB=RO
CC=XX*XX/(AA*AA)
DD=YY*YY/(BB*BB)
IF((CC+DD).GT.1)GO TO 35




C
C

IN=IN+1

N=N+1

GAMA=ZBA*TAN (HO) /RO

X 1=XWBAR(M)-ZBA*TAN (HO)

Y1=YWBAR(M)

XBAR(N)=X1*COS (GAMA)+Y1*SIN(GAMA)

YBAR(N)=Y1*COS(GAMA )-X1*SIN(GAMA)
35 CONTINUE

GO TO 30
40 NPOT=0
*** THIS PART IS TO FIND THE LOWEST PONT (SMALLEST YBAR) AT AN INTERVAL
*** OF 0.5 mm IN AN ARBITARY RANGE 10.0 : =5.0

DO 110 IX=100,-100,-4
XR=FLOAT(IX/10)
NP=NP+1

J=1

DO 100 K=2,IN

TTT=10%* (XBAR(K)-XR)
KKK=ABS (TTT)
IF(KKX.GT.2)GO TO 100
J=J+1
IY1=YBAR(K)*10.0
YF(1)=YBAR(1)
IY2=YF(J-1)*10.0
IF(IY1.LT.IY2)GO TO 50

XF(J)=XR
YF(J)=YF(J-1)
GO TO 100

50 XF(J)=XR
YF(J)=YBAR(K)
100 CONTINUE
NPOT=NPOT+1
X (NPOT)=XF(J)
Y(NPOT )=YF(J)
YF(1)=0.0
110 CONTINUE
LL=0
DO 120 L=1,NPOT
IXX=X(L)
IYY=Y(L)
**%* DPHE COMMING STEP IS TO REJECT THE PONTS AMONG THE ARBITARY RANGE
**% WHICH IS OUTSIDE THE FLUTE ZONE
IF(IXX.EQ.0.AND.IYY.EQ.0)GO TO 120
LL=LL+1
XFLUT (LL)=X(L)
YFLUT (LL)=Y(L)
120 CONTINUE
WRITE(11,130)
130 FORMAT (15X, 'FLUTE PRODUCED')
WRITE(11,140)
140 FORMAT(//,5X,'X Y')
WRITE(11,150) (XFLUT(I),YFLUT(I),I=1,LL)
150 FORMAT(2F8.3)
XFLUT(1)=XFLUT(2)



o) YFLUT(1)=RO*SQRT(1*XFLUT(1)*XFLUT(1)/((RO/COS(HO))**2))
LL=LL+]1
XFLUT (LL)=XFLUT(LL-1)
YFLUT (LL) =SQRT (RO*RO-XFLUT (LL) *XFLUT (LL ) *COS ( HO ) *COS (HO) )
CALL GINO
CALL UNITS(5.0)
CALL SHIFT2(19.0,14.0)
CALL CHASIZ(0.4,0.4)
CALL AXIPOS(0,0.0,0.0,24.0,1)
CALL AXIPOS(0,0.0,0.0,12.0,2)
CALL AXISCA(3,12,-12.0,12.0,1)
CALL AXISCA(3,6 0.0,12.0,2)
CALL AXIDRA(1 )
CALL AXIDRA(=1,-1,2)
CALL MOVT02(3 5, -2 8)
CALL CHAHOL(10HX-A*LXIS*,)
CALL MOVTO2(=1.0,13.4)
CALL CHAHOL( 10HY-A*LXIS¥*.)
o] CALL MOVTO2(-14.0,12.0)
C CALL CHAHOL(13HFLUTE SHAPE*.)
CALL MOVTO02(-13.0,10.0)
(
(
(
(-
(
(
(
(
(
(
(
(

C CALL CHAHOL(12HSCALE 1:5 *.)
CALL MOVTO02(8.0,12.0)
C CALL CHAHOL(19H FLUTE REQUIRED*.)
CALL MOVTO2(-5.0,-13.0)
CALL CHAHOL(34HF*LIGURE( ) FLUTE PRODUCED * )
C CALL GRACUR(XWHEEL,YWHEEL,NW)
CALL MOVTO2(XWHEEL(1),YWHEEL(1))
C CALL LINTO2(XWHEEL(1),10.0)
CALL MOVTO2(XWHEEL(NW) , YWHEEL (NW) )
C CALL LINTO2(XWHEEL(NW),10.0)
CALL MOVT02(0.0,0.0)
CALIL DASHED(-1,0.5,0.3,0.0)
CALL GRACUR(XFLUT,YFLUT,LL)
XSCAL=1.0/COS(HO)
CALL SCALE2(XSCAL,1.0)
CALL MOVTO02(0.0,RO)
CALL DASHED(0,0.0,0.0,0.0)
C CALL PENSEL(2,0.0,0)
CALL ARCT02(0.0,0.0,0.0,RO,1)
XSCAL=COS (HO)
CALL SCALE2(XSCAL,1.0)
c CALI GRACUR(XFSTAN,YFSTAN,NFSTAN)
CALL DEVEND
STOP
END

£VX
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10

15
25

APPENDIX IV

COMPUTER PREDICTION OF THE CUTTER SHAPE

DIMENSION X¥(100),YF(100),XW(100),YwW(100)
DIMENSION BAK(100)

DIMENSION X(100)

PI=3.1415926

READ THE DRILL PARAMETERS
READ(1,5)R0O,HO,P,RWEB
FORMAT(4F6.3)

HO=HO*PI/180.

P=P*PI/180.

READ THE WHEEL PARAMETERS
READ(1, 10 ) RMAX, ITOLER, YLOWER, LOW
FORMAT(F6.3,13,2F6.3)

READ THE FLUTE POINT

READ (1, 155 )NPFLUT

DO 15 L=1,NPFLUT
READ(2,25)XF(L),YF(L)
IF(YF(L).GT.YLOWER)GO TO 15
LOW=LOW+1

XLOWER=XF (I1,)

YLOWER=YF(L)

CONTINUE

FORMAT (2F8.3)
NPF=NPFLUT*60,/100

DO 65 I=1,NPF

CXW(I)=XF(I)

YW(I)=YF(I)

DO 55 1z=0,16,2

Z=FLOAT(IZ)

XWBAR=XW(I)
YWBAR=RMAX+RWEB-SQRT ( ( RMAX+RWEB-YW(I))**2~Z*Z7)
GAMA=Z*TAN(HO)/RO

X 1=XWBAR-Z*TAN(HO)

Y 1=YWBAR

XBAR=X1*COS(GAMA )+Y1*SIN(GAMA)
YBAR=Y 1*COS (GAMA)-X1*SIN(GAMA)
XIDEAL=XLOWER- ( YBAR-YLOWER) * ( XLOWER-XF (NPFLUT) ) /
C(YF(NPFLUT)~-YLOWER)
XDIFR=XIDEAL-XBAR
IXDIFR=XDIFR*10.0
IF(IXDIFR.GT.ITOLER)GO TO 75
DO 35 K=2,NPFLUT
BAK(1)=ABS(XF(1)-XBAR)
BAK(K)=ABS (XF(K)-XBAR)
XBAK=BAK (K)~BAK(K-1)
IBAK=XBAK*10.

IF(IBAK.LT.0)GO TO 35
IYBAR=YBAR*100.
IYF=YF(K~-1)*100.0



IF(IYBAR.GT.IYF)GO TO 45
YBAR=YF(X=1)
GO TO 45
35 CONTINUE
45 CALL XWHEEL(XBAR,YBAR,GAMA,Z,HO,RMAX,RWEB,XW(I),YW(I))
55 CONTINUE
65 CONTINUE
75 I=I-1
IL=I
ILL=I-1
DO 105 J=1,ILL
IT=IL-J
I=IL+J
XW(I)=XW(IL)-XW(IT)+XW(IL)
YW(I)=YW(IT)
IJ=2
DO 95 12=0,16,2
Z=FLOAT(IZ)
X(IJ)=XW(I)
X(1)=100.0
IXIJ=X(IJ)*10.0
IXI=X(IJ=-1)*10.0
IF(IXIJ.GT.IXI)X(IJ)=X(IJ-1)
XW(I)=X(IJ)
IJ=IJ+1
XWBAR=XW(I)
YWBAR=RMAX+RWEB-SQRT ( ( RMAX+RWEB=-YW(I))**2-2%*Z7)
GAMA=Z*TAN (HO) /RO
X 1=XWBAR-Z*TAN(HO)
Y 1=YWBAR
XBAR=X1*COS (GAMA)+Y1*SIN(GAMA)
YBAR=Y 1*COS (GAMA ) -X 1*SIN (GAMA)
LLOW=LOW+1
DO 85 K=LLOW,NPFLUT
BAK(K)=ABS (YBAR-YF(K))
YBAK=BAK(K)~-BAK(K~1)
IYBAK=YBAK*10.0
IF(IYBAK.LT.0)GO TO 140
XBAR=XF (K-2)-0.2*ITOLER
CALL XWHEEL (XBAR,YBAR,GAMA,Z,HO,RMAX,RWEB,XW(I),YW(I))
IYEND=YW(I)*10.0
IYSTRT=YW(1)*10.0
IF(IYEND.GT.IYSTRT)GO TO 125
GO TO 95
85 CONTINUE
95 CONTINUE
105 CONTINUE
115 I=1
WRITE(2,125)
125 FORMAT (15X, 'CUTTER SHAPE')
WRITE(2,135)
135 FORMAT(//,5X,'X ¥')
WRITE(2,145) (XW(MM) , YW(MM) ,MM=1,T)
145 FORMAT(2F8.3)




CALL GINO
CALL UNITS(10.0)
CALL SHIFT2(6.0,7.0)

CALL CFASIZ(0.2,0.25)
CALL AXIPOS(0,0.0,0.0,10.0,1)
CALL AXIPOS(0,0.0,0.0,18.0,2)
CALL AXISCA(3,5,0.0,10.0,1)
CALL AXISCA(3,9,0.0,18.0,2)
CALL AXIDRA(1,1,1)
CALL AXIDRA(-1,-1,2)
CALL MOVTO2(4.4,-2.0)

(

CALL CHAHCL(10HX-A*LXIS*.)
CALL MOVTO2(=-2.0,8.4)
CALL CHAANG(90.0)

CALL CHAHOL(1OHY-A*LXIS*.)

CALL MOVTO2 1 ~4.0)
CALL CHAANG )
CALL CHAHOL 45HF*LIG COMPUTER PREDICTION OF THE CUTTER*.)

CALL CHAHOL(45H*LSHAPE FOR THE PART. CURVED DRILL IN FIG. *.)
CALL GRACU
A=YW(I)
D=YW(1)
DO 165 L=1,1I
READ(1, 155)EC

155 FORMAT(F6.3)
YF(L)=2.0*YW(1)+EC-YW(L)

165 CONTINUE
CALL MOVTOZ2 (XW(I),YW(I))
B=2.0*YW(1)+EC-YW(I)
CALL LINTO2(XW(I),B)
CALL GRACUR(XW,YF,I)
C=2.0*YW(1)+EC-YW(1)
CALL MOVTO2(XW(1),C)
CALL LINTO2(XW(1),YW(1))
CALL DEVEND
STOP
END
SUBROUTINE XWHEEL(XBA,YBA,GAM,ZZ,HOO,RMA, RWE,XWI,YWI)
Y11=( YBA+XBA*TAN (GAM) )/ (COS(GAM)+SIN(GAM)*TAN (GAM) )
X11=(XBA-Y11*SIN(GAM) ) /COS(GAM)
XBA=X11+ZZ*TAN (HOO)
YWBA=Y 11
XWI=XBA
BNN=-2.0* (RMA+RWE)
CNN=2,0* (RMA+RWE ) *YWBA-ZZ*ZZ~-YWBA*YWBA
YWI=-(SQRT (BNN*BNN-4.0*CNN)+BNN)/2.0
RETURN
END

(-
(0
(
CALL MOVTO2(3.5,-4.0)
(
(

XW,YW, I)
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TABLE 6

COMPARISON BETWEEN POLAR MOMENT OF AREA
AND OXFORD'S INSCRIBED CIRCIE RADIUS

Drill Parameters

Inscribed polar mament
Circle radius of area
Land Web Helix Point

mm mm | degree | degree m m"

8.0 | 1.78 32 118 2.7 3882

9.0 | 2.8 32 118 2.9 1938

9.3 1.78 32 118 3.0 4500

8.0 ] 4.0 32 118 3.1 4346

9.6 3.2 32 118 3.1 3010
19 9.3 3.3 32 118 3.25 4770
16 10.4 3.2 32 118 3.35 3306
19 12.4 3.3 32 118 3.95 6572
20 12.0 4.0 32 118 3.95 7350




TABLE 7

RANGE OF VARIABLES USED FOR REGRESSION ANALYSIS

Diameter

. 3 - 50
Web (% of Diameter) 10, 15, 20
Helix angle

degrees 27.5, 32
Point angle

degrees %0, 118
Land width (% of Diameter) 40 - 70




TABRLE 8

COMPARISON OF ACTUAL AND PREDICTED
CROSS SECTION AREA, MM

Drill diameter = % inch Point angle = 118 degrees
Helix angle
(Gegrees) 27.5 32
L;nnd 3 dia\}j;bter Actual Predicted ACtual Predicted
10 95.54 92.84 98.96 96.78
9 15 105.10 98.28 108.5 102.46
20 114.92 102.34 118.28 106.7
10 120.86 120.16 126.26 125.28
11 15 . 128.42 127.20 133.66 132.62
20 136.38 132.48 141.44 138.10
10 154.8 148.96 164.12 155.3
13 15 159.92 157.70 168.84 164.4
20 165.46 164.22 173.98 171.2




TABLE 9

COMPARISON OF CALCULATED AND PREDICTED
FOLAR MOMENT OF AREA, MM*

Drill diameter = % inch Point angle = 118 degrees
Helix angle
(degrees) 27.5 32
Land Web , .
i o diameter Calculated | Predicted | Calculated | Predicted
10 4188.8 4210 4379.,26 4426.2
9 15 4358.14 4318 4548.26 4539.4
20 4546,78 4396 4736.1 4621.8
10 5246.3 5350 5515.12 5624.52
11 15 5382.28 5487 5648.72 5768.4
20 5534.74 5586.6 5798.02 5873.1
10 6445.3 6531.2 6831.98 6866
13 15 6559.54 6698.28 6943.02 7041.78
20 6684.4 6819.8 7063.52 7169.56




Table 10:

Variation of chip disposal Capacity and polar
marent of area with face-~heel spacing angle

Face~heel Land Chip Polar mament
spacing Width disposal of area
angle, B L capacity J  (om*)
(o) 2Rc ()
70.0 13.22 6.94 7316, 46
80.0 12.37 7.45 6758
83.6 12.04 7.62 6543.6
90.0 11.42 7.62 6143.3
1C0.0 10.38 7.62 5481.37
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Table 12: Drilling Factors Carbinations used with the

Drilling Forces Tests

Conventional Diametral
Speed r.p.m Feed mm/rev Speed r.p.m Feed mm/rev
0.0762 0.0762
345 0.1524 345 0.1524
0.228¢ 0.2286
0.0762 0.0762
490 0.1524 490 0.1524
0.2286 0.2286
0.0762 0.0762
690 0.1524 690 0.1524
0.2286 0.2286




mable 13:

Thrust obtained for the conventional and diametral drills(N)

Conventional Diametral
Speed r.p.m Feed mm/rev _—

Rinl | Run 2 | Average | Run 1 | Run 2 Average

.0762 2400 2600 2500 1200 1400 1300

345 .1524 4400 4000 4200 1800 2200 2050
.2286 5400 5100 5250 3000 2800 2900

.0762 2600 2700 2650 1400 1300 1350

490 .1524 4400 4200 4300 2000 2100 2050
.2286 5600 5800 5700 3000 3400 3200

.0762 3000 2800 2900 1400 1300 1350

690 .1524 5200 3800 4500 2200 2200 2200
.2286 6300 6300 6300 2700 2800 2750




Table 14:

Torque cbtained for the conventional and diametral drills(N-.cm)

Conventional Dieametral
Speed r.p.m Feed mm/rev
Rnl | Run 2 | Average | Run 1 | Run 2 Average
.0762 1200 1350 1275 1100 1200 1150
345 .1524 2800 2100 2450 1800 1500 1850
.2286 2800 3200 3000 28C0 2600 2700
.0762 1500 1400 1450 1000 1100 10%0
490 .1524 2400 2350 2375 1900 1800 1850
.2286 3300 3000 3150 2500 2600 2550
.0762 1500 1200 1350 1100 1000 1050
690 .1524 2200 2000 2100 1900 1800 1850
.2286 3200 2800 3000 2600 2600 2600




Camparative drilling Thrust

Conventional Diametral
peed
.p.m
345 490 | 690 | 345 | 490 | 690
1C0 | 106 | 116 52 54 54
.1524 100 | 102 | 107 49 49 52
.2286 100 | 109 120 55 61 52
Table 16: Camparative drilling Torque
Conventional Diametral
Speed
Feed .p.m
S
345 | 490 | 690
T/ rev 345 | 490 | 690
.0762 100 | 114 | 106 90 82 82
.1524 100 97 86 75 75 75
.2286 100 | 105 | 100 90 85 87




Table 17:

Thrust related value

Type D1 D2 Total
Speed
Feed s1 s2 s3 | s1 | s2 | s3

Fl 2.5 | 2.65| 2.9 1.3 |1.35 | 1.35 | 12.05

) 4.2 | 4.3 | 455|205 |2.05 | 2.2 | 19.3

3 5.25 | 5.7 | 6.3]2.9 |32 |2.75] 26.1
Totals 11.95 | 12.65 | 13.7 | 6.25 | 6.6 | 6.3 | 57.45

38.3 19.15




Table 18:

Analysis of Variance for drilling thrust

Sum of

Effect Degree of Variance Variance
squares freedan Estimate ratio
drill type 10.1867 1 10.1867 533.4
speed 0.13625 2 0.06812 13.567
feed 8.2279 2 4.1139 215.4
type X speed 0.13434 2 0.06717 3.5172
type x feed 0.801 2 0.4005 20.971
speed x feed 0.03335 4 0.00833 0.4361
type X speed x feed 0.09858 4 0.03298 1.72695
Error 0.34375 18 0.0190972
Total 19.96187 35




Table 19:

Torgue related value

Type d1 d2
Speed S1 S2 S3 S1 S2 S3 Totals
Feed
Fl 1.275}11.45 ]1.35 | 1.15 |{1.05 |1.05 7.325
F2 2.45 12.375 | 2.1 1.85 | 1.85 |1.85 12.475
F3 3.0 3.15 (3.0 2.7 2.55 |2.6 17.0
Totals 6.72516.975 |6.45 5.7 5.45 |5.5 36.8




Taple 20: Analysis

of variance for Drilling Torque

Sum of Degree of| Variance Variance

Effect Squares Freedom Estimate Ratio
Drill type 0.34027 1 0.34027 41.7017
Speed 0.01253 2 0.006265 0.7678
Feed 3.90056 2 1.9528 239.32
Type X speed 0.01629 2 .008145 0.9982
Type x feed 0.01489 2 .007445 0.9124
Speed x feed 0.007529 4 .001882 0.2306
Typexspeedxfeed | 0.021988 4 .00549 0.6736
Errors 0.14687 18 0.008159
Totals 4.46597 35




Table 21: Wear loss after 100 holes (x lo“34nch)
Conventional Diametral
355 . 480 355 480
Feed _
in/rev x 10
8.3 8.1 9.3 7.0 9.8
12 8.5 17 7.6 14.0

Table 22: Symbols for Factor Levels

Level Low ' High
Factor
speed (S) 1 S
feed (F) 1 F

Table 23: Combination of Factors lLevels for Wear Testing

Factors
Symbol
S (r.p.m.) F (I PR)
1 355 8.3
S 480 8.3
F 355 12
SF 480 12
\‘,




Taple 24 : Wear Rate

Yield (Wear Rate)

Type
Conventional Diametral
Treatment

(drilling condition)
(1) 5.4 4.66
S 6.2 6.533
F 5.66 5.066
SF 11.33 9.33
Total 28.59 25.589

Table 25: Sum of squares (ref to Table 24)

vield (sum of squares)

Type
Conventional Diametral
Treatment
(drilling condition)
(1) 29.16 21.7156
S 38.44 42 .68
F 32.035 25.664
SF 128.368 87.048
Total 228 177.1

Total sum

54.179




Table 26 : Analysis

of Variance

I

Source

Sum of Squares

Degree of Freedom

Between Blocks 1.1257 1
Wwithin Blocks 37.0529 6
Total 38.1790 7

Table 27: Treatment sum of squares (refer to Table 24)
Treatment ield Conv + (Yield Conv + 7
Yield Dia. Yield Diam)
(1) 10.06 101.2036
S 12.733 162.12928
F 10.726 115.04707
SF 20.66 426.8356
Total 54.179 805.21555
Table 28: Sum of squares relative to residual treatments
Source Sum of Squares Degrees of Freedom
Between Blocks 1.1257 1
Treatments 35.682 3
Residual 1.3713 3
Total L 38.179 7




Table 29: Treatment Effect
Effect of SF F (1) Total | Square | Sum of
Square
S +20.66 | +12.733 | ~10.726 | ~10.06 | 12.607 1158.9364| 19.867
F +20.66 | ~12.733 | +10.726 | ~10.06 | 8.593 | 73.839 9.229
SF +20.66 | ~12.733 | ~10.726 { +10.06{ 7.261 | 52.722 6.5902
Total :  35.6862
Table 30: Analysis of Variance for all factors and their interaction
Source Sum of 1 Degree of | Variance Variance
Squares Freedom Estimate Ratio
Mean Square
Between not
Blocks 1.1257 1 1.1257 2.462 |significant
Treatments 35.68862 3
highly
S 19.867 1 19.867 43.463 isignificant
highly
13 9.229 1 9.229 20.190 |{significant
SF 6.5902 1 6.5902 14.417 |significant
Residual 1.3713 3 0.4571
Total 38.179 7
N




Taple 31:

Wear

loss after 100 holes (x 10-3

inch)
—
Speed
Drill Type Feed r.p.m. 355 480
in/rev
Conventional 8.3 8.1 9.3
12 8.5 17.0
Diametral & 8.3 3.9 7.6
partially curved | 12 4.5 9.25
Table 32: Analysis of Variance
Source Sum of Degree of | Variance Variance
Squares Freedom Estimate Ratio
Mean Square]
Between
Blocks 17.4936 11 17.4936 10.242
Treatments 27.01 3
5 8.06 1 8.06 4.718
F 14.987 1 14.987 8.774
SF 3.962 1 3.962 2.319
Residual 5.1241 3 1.708
Total 49.6277 7
\k

significant

not
significant

not
significant

not
significant




rable 33: Surface Roughness C.L.A.(x 10~3mm) - mean of 3 readings.

—
Drill Type Conventional Diametral
Speed
r.p.m. 345 490 690 345 490 69C
Feed
mm/revy
.0762 0.77 1.40 2.20 0.74 0.75 0.65
.1525 0.75 0.83 1.93 0.65 0.583 | 1.766
.2286 1.20 1.43 2.30 1.166 ] 0.633 }1.25




-3
Taple 34: Hole out of Poundness (x 10 ~ mm)

—————

Type of
Drill Conventional Diametral
speed
rpm 345 490 690 345 490 690
Feed
mm/rev
Top 2.5 1.0 0.75 2.0 1.0 2.0
0.762 Middle 1.5 0.75 1.0 0.75 0.5 : 1.0
Bottom 1.0 0.25 0.75 1.0 0.25 1.0
Top 1.25 1.5 1.0 1.25 0.75 1.25
0.1524 Middle 1.25 0.75 0.5 0.75 0.5 0.75
Bottom 0.5 0.75 2.0 0.25 0.5 1.0
Top 2.0 1.25 1.25 1.25 1.0 2.0
0.2286 Middle 1.5 1.0 0.75 0.75 1.0 2.0
Bottom 0.75 0.75 1.25 0.25 0.5 1.25




‘ -3
pable 35: Hole oversize (x 10 inch) - mean of 5 readings

s

Type of
Drill Conventional Diametral
speed
rpm 345 490 690 345 490 690
Feed
mm/rev ~o_
Top 1.79 2.25 2.4 0.3 0.1 0.35

|_J

.0.762 Middle .15 1.66 3.33 0.27 0.47 0.43

Bottom 0.17 0.42 3.20 0.67 0.71 1.56
Top 2.35 2.44 3.68 0.54 0.20 2.45
0.1524 Middle 1.88 2.29 2.97 0.64 0.64 3.20
Bottom 0.41 0.82 1.09 0.69 . 1l.52 3.82
Top 2.44 2.18 | 2.83 0.98 1.56 2.8
|
0.2286 Middle 2.08 2.50 2.74 0.89 1.28 2.1

Bottom 0.84 0.89 1.29 2.30 2.39 3.0




Table 36: Max imum

Hole oversize (x 10_"3 inch)

J—
Type Of
Drill Conventional Diametral
speed
rem 345 490 690 345 4380 680
Feed
mm/rev
L0762 1.79 2.25 3.33 0.67 0.71 1.56
.1524 2.35 2.44 3.68 0.69 1.52 3.82
.2286 2.44 2.50 2.83 2.30 2.39 3.00
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angle variation along the cutting edge ( conventional drili)



(a) Onthe face {b)On the flank

Fig 3 Chipbreaker grooves
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6 Double margin drill

7 Zhirov. point drill




Fig 8 Thinned web  Fig 9 Spiral point dril}
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Fig 15 Transverse section through flute
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Fig 21

Roundness measurement (Talyrond)
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Figure 23 radial Force comparison
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Figure 24 radial Porce comparison
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Figure 25 radial force comparison
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Figure 26 out of roundness comparison
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Figure 28 out of roundness comparison
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Figure 29 hole oversize comparison
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Fig 38 Inscribed circle in the flute Space
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Fig 39
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Fig 40 Mat he matical representation of Rc




Fig 41 Chip disposal capacity(L < L )
(e}




Fig 42 Chip disposal capacity(L-L &W=-W)
o o




Fig 43 ChiP disposal ca pacity (W >W,)




Fig 44 Conventional flute shape
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Fig 53 Typical drill features used for clo89ing test




Fig 54 Obligue flute
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Fig 67 Flute face prediction for diametral [ip drill.
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Fig 58 Computer plat of the orthogonal Flule (digmetral drill)
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Fig 67a Included angle

Fig 67.b Chisel edge angle
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Fig 68 Flute shape for diametrally_curved lip drill




@J8yds oy} U0 UOljes0| (7

69 614

T e o




Fig 70 Computer plot of the orthog. Flute (portisl curved drill)



Fig 71 Model for the obliQue flute of the conventional drijll
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Fig 73 Compuler plot of the oblique Flule (dismeiral drill)




Fig 74 Conpuier plot of the oblique Flute (puriinl curved drilll
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2Ro = 3r4 Inch

- = = Cutter at plane v = —4.3
Yeh = 2 48 mm

Helix = 32 deg
—— Thegretical Fluile profile
Point = 118 deg
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16

12

Figure(77.a)intersection of cutier and flute profile

e




) Ro = 374 Inch
- = = (Cutter at plare v ==2.3
Yeb = 2,45 am

Helix = 32 deg
~—— Thegretival flute prefile
Point = 118 deg
Y-Axis
16,

12

Figure(77.b) intersection of cutter and Flute profile
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Figure (7 7c) intersection of cutier and flute profile
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Figure(77.d)intersection of cutier and Flute profile
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Figure(77. e) intersection of cutter and Flute profile




, Ro = 3/4 Inch
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: ¥eh = 2.45 mm

Helix = 32 deg
——— Theoretival Flute profile

Point = 118 deg
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Figure(7 7.f) intersection of cutier and flute profile
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== Cutter at plane v = 8.8
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Figure (77.0)intersection of cutier and Flute profile
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Helix = 32 deg
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Point = {18 deg
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Figure(77.h) intersection of cutier and flute profile




, Ro = 34 Inch
- = = Qutter at plare v = 12.8
Yeb = 2,45 mm

Helix = 32 deg
- Thegretical flule profile

Point = {18 deg
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e

Figure(77) intersection of cutier and Flute profile
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METHOD TO FIND THE
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SEECT A NUMBER OF POINT(NF)
OF THE HUTE REQUIRED,FIND
THE X,Y COORDINATE ON THE
TRANSVER DIRECTION

n=N=1

n=N=Nt1

FIGURE 78 (CONTINUED)




ASSUIE THAT THE Xa,Ya OF THE

nth POINT OF THE QUTTRR IS THE
SAME AS X,Y OF THE nth POINT
OF THE ALUTE

FIND THE COORDINATE OF THE
nth POINT AS IF IT
IN PLANE AT Z FROM THE CENTRAL
PLANE OF THE CUTTER

/=1+1.8

EXISTS

- | USINS CODRDINATE TRANSFORMATION TO
FIND THE COORDINATE OF THE nth POINT
REATIVE TO NORMAL COORDINATE SYSTEN
THROUGH DRILL CENTRE AT Z DISTANCE

b d o8] w

CHECK AT
OTHER PLANES

N=Nt]
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Cn=T(N?

ACCORDINGLY A CORRECTION IS REG-
UIRED TO CHANGE XAsYA TO X¥, TV

CALL GRAPH-PLOT TO PLOT THE
PREDICT CUTTER SHAPE REQUIRED
TO PRODUCE THE GIVEN FLUTE

STOP

yare 78 Flow didgram For the computer program for cutier prediction
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Figure 79.2 computer prediction of the cutter shape For the diam. drill in fig.58. a
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Figure 79.b computer prediction of the cutter shape For the diam. drill in Fig. 58 b
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Fig(go.a)computer prediction of the cutter shape For the pari. curved drill in Fig.70 4
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Fig(go.pcomputer prediction of the cutter shape for the part. curved drill in Fig70.b




START

READ NUMBER OF POINTS,NC
TO REPRESENT THE CUTTER
SHAPE

N=1

TAKE THE X,Y COCRDINATES OF THE
nth POINT RELATIVE TO THE

NORMAL COORDINATE SYSTEM PASSING
THROUGH THE DRILL AXIS AND THE
CENTRAL PLANE

N=iNH

Z=1.9

FIND THE COORDINATES OF THE
PQINT cf IN THE PLANE AT Z
DISTANCE RELATIVE TO THE SAME
COORDINATE SYSTEM .

CBimma 07 (rordinued)

1=7+1




USING COORDINATE TRANSFORMATION
T0 FIND THE COCRDINATE OF CF
RELATIVE TO THE PARALEL
COORDINATE SYSTEH

USING COORDINATE ROTATION

0 FIND THE COORDINATE OF CF
RELATIVE TO THE NORHMAL
COGRDINATE SYSTEM PASSING THR-
OUBH THAT PARTICULAR PLANE.

NO
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-~ em ~1 rnn‘}fimmd )
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N=1

X=X-dlX

IS

NN+ J

AN=L

YES

1(8>=18

T{H>=YIND

H=fttl

Fiqure§, (continued)




YOHO=Y(10

XN>=K
[=1+1

YCN2=Y(H)

PLOT THE PREDICTED FLUTE SHAPE
PRODUCED BY THE GIVEN GUTTER

STQP

Figure 8/ Flow diagran For the computer program For flute prediction



Fig 82 Typical cutter ©profile

Fig 83 Computer prediction of the flute produced
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Fig 85 Drilling ‘torque for conventional and diametral drill:
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(a) Chipping at lip (p) Chisel edge wear

]

(¢) Crater wear (d) Margin wear

S

(e) Flank wear (f) OQuter corner wear

Fig 86 Various types of drill ~wear




cig 87 Radial drilling machine
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Reference line

Reference line

Fig 90 Etched line on the drill flank surface for wear

measurement reference.
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Figure 92 wear loss at the outer corner
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Figure 101 surface roughness comparison
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Figure 102 surface roughness comparison
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Figure 103 surface roughness comparison
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Figure 105 hole oversize comparison
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