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SUMMARY

The research work described in this report was carried out as
part of the development of a CAD-CAM system for drills under
a Teaching Company Scheme. A CAD drill modelling program with
a force prediction module was already present. The main
objective of this work was to add two sub-programs that could
predict two other major performance criteria in drilling -
chip disposal efficiency and drill rigidity and to develop the
methodology for applying the programs to practical design
environments. These are two conflicting requirements - an
efficient chip disposal demands a large flute area, whereas
sound drill rigidity needs a large drill cross-section. The
fulfilment of these requirements must be a compromise.

An extensive literature search was carried out to determine
theoretical and experimental methods of assessing these two
performance criteria. There is 1little published on either
topic. Using the theories found and my own practical
experience, methods for predicting chip disposal efficiency
and drill rigidity were added to the existing CAD system.

In the area of chip disposal, the flute area and the correct
angle of chip transportation were calculated by computer. A
best-fit circle placed within the flute area has previously
been referred to as a relative indicator of the drill's chip
disposal efficiency. Further work, reported here, has revealed
other factors also have a critical influence on the chip
disposal capability of the drill and these have been examined.

Drill rigidity has been examined using Finite Element
Analysis, by means of which any type of drill can be modelled
and analyzed for stress, strain and displacement. Experimental
work has also been carried out using a purpose-built torsion
rig to demonstrate the accuracy of the FEA predictions.

A CAE system now exists where the CAD program is linked to
several performance prediction modules. A case study given in
this thesis shows how the CAE system is used to create a new
drill. This is the first documented piece of work known to
discuss such a computerised approach to twist drill design.

KEY WORDS : Twist Drill Design, Rigidity, Finite Element
Analysis, Chip Disposal, Deep Hole Drills
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CHAPTER 1. INTRODUCTION

The twist drill is the most common tool used in manufacturing
processes. Drilling operations represent over half of all chip
producing processes and have a major impact on product quality
and performance. As the number of drilling operations is so
vast, it is apparent that even slight improvements to the
drilling process would be of great commercial value to
industry. These improvements are presently being sought in the
areas of more rapid material removal rates and long periods of
unmanned operation. An increase in drill life of for example
10%, would give an annual saving of 30 million dollars to the
American market in tool cost alone [1]. But above and beyond
that, the savings in 1labour cost, machine cost, scrap
reduction and improved productivity are estimated to be far

greater.

As drilling conditions become more demanding, a higher degree
of reliability is required in the drilling process. Good chip
control becomes essential to prevent problems such as
"choking", where chips fold back on themselves, become locked
in the flutes and then prevent other chips from escaping. In
extreme cases, this causes fracturing in the drills
themselves. As well as good chip control the tool must have an
acceptable and reliable life-span, minimising tool changes and
allowing tool wear-out to be reasonably predictable. The drill
therefore must have the rigidity and strength to endure the

most demanding of cutting conditions.



The demands for chip control on the one hand and drill
rigidity on the other are in conflict, as one requires large
flutes and the other requires a large drill cross-section. The
search to find a suitable compromise is at the centre of this
thesis, which examines the influence of the drill's geometric
design on these performance criteria, using both experimental

and numerical methods.

A Teaching Company Scheme has been operated between Aston
University and SKF & Dormer Tools Ltd. The main objective was
to establish a CAD-CAM system which would produce commercially
successful drill designs using the principles of simultaneous
engineering to reduce design-to-product times and costs. A CAD
program has been written, based on mathematical equations that
define the complex three-dimensional drill shape [2]. The work
described here is part of the next phase of the project where
the CAD program becomes a platform for a more extensive CAE
system. This involved the creation of program modules to make
accurate performance predictions in terms of various aspects

of a drill's performance.

The aim was to use the predicted performance data, collected
about the drill model from each module, for the creation of a
design methodology. This would introduce a more logical and
consistent approach to drill design, as well as present
information about the design previously available only with
more extensive prototype production and testing than is now
necessary. With the tools developed during the project, the
time scale from defined need to prototype manufacture has been

reduced from 1 to 2 years to about 6 months.



The work reported here has resulted in four papers, two of
which were presented at two DTI Teaching Company Seminars
[3,4]), one was presented at the 1993 MATADOR Conference [5]
and another which is to be published by the IMECHE in November

of this year [6]. These are presented in this thesis as

supporting material.



CHAPTER 2. BACKGROUND OF DRILLS AND DRILLING

Although drills originally date back many centuries, the
modern day drill is based on the design patented in 1863 by
Stephen A. Morse in the United States of America [2]. The
general appearance of drills has altered little since then,
but considerable improvements have been made in manufacturing
methods and materials. There is also a current trend to move

away from the conventional geometry to more radical shapes.

2.1 DRILL DESIGN

Drills are typically of a two-fluted, right-hand helix form
made of high speed steel or cobalt steel. Figures 1(a) & 1(b)
show a typical standard drill and the nomenclature of the
various parts and dimensions. The Appendix contains a
definition of terms for the drill elements, 1linear
measurements and angles. A conventional twist drill consists

of a shank, body and point [3].

* DRILL SHANK

The shank is that part of the drill which is held and driven
by the machine tool. Straight shanks are held in a drill chuck
(or a collet in CNC machinery), whereas tapered shanks have a
tang which fits into a slot in the drill holder or the spindle
socket and is for ejection purposes. Generally, drills up to
13 mm diameter are produced with straight shanks, with larger
drills having tapered shanks. A drill often consists of two
bars that are electrically friction welded together by

rotating them in opposite directions. This means it is

10
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possible to manufacture a drill consisting of two different
materials and/or parts that have wundergone different
preparatory treatments. It is therefore possible to have a
relatively soft shank (improves grip) and a relatively hard
body (reduces wear). This can also be achieved by heat

treatment wherein the body is heated and quenched in a salt

bath.

The shank is often used to display the manufacturer's
trademark, as well as the material and diameter of the drill.
This information can also be displayed on the "neck" of the
drill - indicated in Figure 1(a) as the silver ring. This
ensures the markings are not damaged by the chuck teeth and

remain legible.

* DRILL BODY

The drill body runs from the shank to the drill point. There
are two helical grooves, called flutes, cut in the body that
provide cutting edges, chip ejection channels and coolant flow
to the point. The remaining helical part of the body that is
not cut away is known as the land. Part of this is removed
(body clearance diameter) to prevent rubbing against the hole
wall, reducing friction. The land that is left (the margin)
has the full diameter of the drill and stabilizes the drill in
the hole. The central portion of the body that joins the lands
is the web, which provides drill rigidity and sometimes tapers
towards the drill point. This increases the stability of the
tool. The drill body tapers very slightly in the opposite

direction, towards the shank, to give clearance and reduce

13



friction (maximum taper equals 0.08% of body length). It is
possible to have channels running through the body of the
drill which supply coolant to the drill point to reduce heat

generation at the cutting lips.

* DRILL POINT

The point has a chisel edge at the end of the web, which is
often thinned or faceted to reduce the thrust force on the
tool and improve the drill's centring capability [1]. The lips
are the cutting edges of the drill that run from the chisel
edge corner to the outer corner, and can be straight or
curved. They are created by the rake face (the flute) meeting
the flank face (the point surface). The standard point angle,
as is noted in the British Standards definition of a drill
form, is 118 degrees. This angle has been established by drill
manufacturers as the most suitable for general purpose work.
Angles greater than this are normally used for a brittle
material, such as Cast Iron, and a smaller angle is used for
a ductile material such as Aluminium. The rake angle normally
ranges from highly negative (around -55 degrees) at the chisel
corner to positive at the outer corner, where it is equal to
the helix angle - typically around 30 degrees. And finally,

the 1lip clearance angle is a measure of the flank face

clearance from the work-piece.

The drill design has a critical influence on its performance
[4]. Different combinations of design features are recommended
by manufacturers for the cutting of different materials. These

recommendations are often based on a tried-and-tested basis,
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rather than a detailed scientific understanding of the
relationship between design and performance. It is intended
that the performance prediction modules, as described in the
introduction, can help clarify this complex relationship and
therefore assist in the successful selection of drill designs

for different material groups.

2.2 DRILIL, PERFORMANCE

Users place a variety of demands on drills, depending on the
required result. The main objectives of the drill users have
been identified and are used as the main criteria for rating

drill performance [4]. They are:

1) Maximum Rate of Penetration

2) Long Drill Life

3) High Efficiency of Material Removal
4) Hole Accuracy

5) Hole Surface Finish

1) Rate of Penetration can be expressed as depth of hole
drilled per revolution, and is dependant on the feed and speed
selected [4]. An increase in the rate of penetration results

in a direct reduction in cutting time and costs.

2) Drill 1life is usually expressed as the number of holes
drilled between re-grinds. Alternatively it can be the number
of holes drilled before a drill fails = either through
accumulated wear or fracture. In both cases the drill is

considered by the user to be worn out and therefore discarded.

15



3) Drilling Efficiency may be expressed in terms of volume of
material removed per kilo Watt minute or as power required for
a given rate of drilling. It is a reflection of the mechanical
efficiency of the machine used. Due to the complexity of the
drilling process the efficiency of material removal is
considerably less than that of simpler operations such as

rough turning on a lathe.

4) Different applications demand different degrees of accuracy
of a drilled hole regarding specified size and position. When
drilling is used as a rough machining operation, the highest
rate of material removal is required and accuracy is
sacrificed. A high degree of accuracy, i.e. dimensionally
correct with a low run-out, can also be money-saving by
reducing scrap or re-work or the need for a finishing

operation.

5) After drilling a hole, a finishing operation such as
reaming or boring is often required to remove burrs and
improve accuracy and surface finish. Time can be saved by

producing a good quality hole with only one operation.

The five main criteria described above are affected by
numerous factors, the most important of which are shown in
Figure 2 [4]. The influence of these variables on drill
performance, and their inter-dependence, has been researched
over the last 130 years. The vast majority of currently
available empirical data is supplied by drill manufacturers,

as obtained from extensive experimentation spanning many

years.
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More recently research has taken a different approach, aimed
at analysing drills theoretically rather than empirically.
Galloway's work [4] reported mathematical equations that
describe drill geometry for conical points. These equations
form the basis of the CAD system mentioned earlier, and
several other computer programs that model conical points [5].
Further development was done by Tsai and Wu [6] to describe
hyperbolical and ellipsoidal drill points, in such a way as to

facilitate computer analysis.

Theoretical analysis of drill performance has also been
carried out in order to be able to calculate the forces
experienced by the drill ([7,8]. The metal cutting process
during drilling is highly complex, and the theoretical
determination of the torque and thrust is far from
straightforward. Articles which attempt to describe the action
taking place across the drill's cutting lips and chisel edge
therefore incorporate a variety of models. The Teaching
Company drill modelling system currently contains a torque and
thrust prediction module. This is based on basic metal cutting
theories and results in a numerical estimation of the torque
and thrust across‘the cutting lip and the chisel edge. The
predictions are known to lack accuracy as a result of the many
influential variables that have not been taken into account
(tool hardness, coatings, etc). The intention is therefore
that the prediction will constantly be upper-bound, but by
less than 20%. These numerical estimations are output from the
program for numerous points along the cutting lip and chisel
edge, and also summated as total torque and thrust. The user

is therefore able to examine how the torque and thrust differ
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at various points along the cutting lip and chisel edge. This
provides information on the torque and thrust distribution in

terms of radial position.

As demonstrated by the above pieces of work, this current
trend to analyse drill geometry and the relationship to the
performance of the tool has been facilitated by the
accessibility of cheaper, faster and more powerful computers.
It is now possible to carry out analyses using computers that
would previously have been too complex and/or time-consuming
to undertake. Traditional experimental methods are still
equally valid and can indeed be used to verify those
predictions made numerically. In light of such advances, this
study aims to analyze two specific drill performance criteria
both theoretically and experimentally, the intention being to
use computerized methods to obtain predictions as accurately

as possible, when compared to reliable experimental results.

The original CAE system only provided predictions of torque
and thrust. Two equally important aspects of the life and
performance of a drill during cutting are drill rigidity and
chip control. As will be shown, it is impossible to consider
one without the other. It is therefore a natural progression
for the project to investigate both these performance criteria

and this provided the need for the work reported in this

thesis.
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CHAPTER 3. CHIP CONTROL IN DRILLING

Recent progress in the development of metal cutting tools and
machine tools has greatly increased the productivity of
cutting operations. Chip control has therefore become one of
the most serious problems in machining, especially when
considering implementing unmanned operation. In order to be
able to make any predictions about the chip disposal ability
of a drill, it is necessary to examine chip formation in the
drill flute. Using this information a numerical approach to

chip disposal efficiency can then be formulated.

There are two basic stages in chip control:

1) the formation of the chip and

2) the conveyance of the chip.

The first stage, the chip formation at the cutting edge, is
fundamentally the same for all metal cutting processes
including drilling. The second stage, the chip flow, is
however considerably more complex for drills than for other
cutting tools, due to the three dimensional cutting process
that occurs within a confined space when drilling. It is

therefore necessary to look specifically at the chip flow in

drilling.

3.1 CHTP FORMATION IN METAL CUTTING

All chip-forming, metal-cutting, processes share the same
basic principles. These are based on the concept of the tool's
hard cutting edge, with a rake face and a flank face, passing

through a softer material and shearing off the upper layer.

20



The conditions under which this shearing occurs and the
material properties of the work-piece, determine whether the

chip is continuous or discontinuous.

When a continuous chip is formed, a quasi-static plastic
deformation occurs in the zone linking the chip to the work-
piece. This zone is called the shear-zone because the plastic
deformation in this zone is a simple shear [9]. Theoretically,
this is often simplified to allow the shear to occur in one
plane only, known as the shear plane (Figure 3). Additional
shear takes place in the area adjacent to the tool face as a
result of tool friction, and is known as secondary shear. The
shear angle (the angle between the shear plane and the newly
formed surface) is considered to be an extremely important
parameter in cutting theory, as a result of its influence on
chip thickness. Many studies have concentrated on its
theoretical determination [10] in a plane situation, and it is
generally stated that the magnitude of the shear angle is
mainly determined by the cutting speed, depth of cut and the
work-piece material. Empirically it has been confirmed that a
larger shear angle gives a thinner chip and a shorter chip-
tool contact length which has the positive effect of reducing
tool surface friction. However, the situation in practical
metal cutting is so complex that it is very difficult to

accurately predict the value of the shear angle and therefore

the chip form.
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When a discontinuous chip is formed, the cutting forces on the
tool fluctuate which can result in a wavy surface finish and
tool failure if the system has poor rigidity. The quasi-static
plastic deformation in the shear zone is disturbed and

produces a discontinuous chip, for various reasons extensively

discussed in [11]:

- the polycrystalline structure of the material has a random

orientation and a non-uniform nature which causes wrinkles on

the surface (Figure 4a);

- periodic change of the shear angle (Figure 4b) due to tool-
chip friction or tool/work-piece/machine tool dynamic

characteristics;

- periodic variation of size and shape of the built-up edge

(see footnote);

- strain concentration due to internal heat in the high-speed

cutting of poor heat-conducting materials (e.g. stainless

steel), Figure 4c;

Footnote:

"Built-up" edge (BUE) is often encountered when machining
ductile materials. The local high temperature and extreme
pressure in the cutting zone cause the work-piece material to

stick to the cutting edge of the tool, forming the BUE.
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- local fracture due to the brittleness of the material
(Figure 4d) resulting from environmental effects (e.qg.
coolant), or the composition and pre-treatment of the work-

piece and the strain-hardening during cutting;

- any combination of the above.

It is not yet possible to theoretically predict whether
discontinuous or continuous chips will be produced in a
certain case. Figure 5 shows the many factors that influence
the type of chip formations under the headings: work-piece
material, tool material, machine tool, chip control devices,
cutting conditions, tool geometry and coolant. These headings
cover numerous factors and variables, illustrating the

difficulty involved when attempting to predict the chip form.

It is, however, possible to predict the angle of chip flow as
the material leaves the cutting lip. This is often referred to
as Stabler's Law [12], which states that the inclination angle
of the approaching work-piece material is equal to the
inclination angle of the chip material as it moves away from
the cutting edge. A computer module was created by Webb [2] as
part of the drill CAE system that calculates the chip flow

angles across the cutting lip of a drill based on Stabler's

Law.

As the chip leaves the cutting edge it starts to curl. There
are two theories about the nature of this chip curl formation
[9,11] - one states the chip curls after it has been sheared

and as a result of travelling up the tool face, whilst the

24



other states that the chip is "born" curled. Generally a
combination of the two theories is presented where

non-uniformity in shearing is seen as the main cause of chip
curl with the contact force produced between the chip and the

rake face influencing this shear deformation.

Geometrically, the chip form is indicated by the combination
of the "up-curling curvature" 1/p,, the "side-curling"
curvature 1/p, and the chip flow angle n [9,13,14]. This can
be seen in Figures 6(a) & 6(b), where 8 is the angle between
the chip axis and the x-axis. Together with the width,
thickness and length of the chip, these factors can be used to
describe the form of the chip. "Up-curling" has been seen to
increase as a result of obstacles in the way of the chip flow
(such as chip breakers), the built-up edge and the secondary
shear. There is a range of views on the cause of "side-
curling" and the direction of chip flow [9,14], together with
an indication of a lack of knowledge in this area. However,
the major influence is given as the variation of chip
velocity. This is a product of the cutting velocity and the
chip thickness ratio, and therefore a variation in one or both
of these will produce side-curling. This is influenced by the

change in rake angle, shear angle and chip length ratio.

3.2 CHIP FLOW IN DRILLING

Most research into chip flow has been carried out for
machining processes such as turning where the flow is
undisturbed, and the unconstrained path from the tool tip to

the machine bed is a relatively easy one. Less attention has
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Variation of chip form by up-curling and

Figure 6a side-curling when g=g [11]

2 Variation of chip form by up-curling and
6b P Y up ng
Flgure side-curling when 7=15 [ 11 ]

Conical helical chip produced by twist

Figure 7 - drin
[16]

26



been paid to those processes where the chips are not free-
flowing, such as drilling, where the chip is deformed in a

narrow area between the work-piece and the tool.

Some papers, found in the field of drilling [13,15,16],
emphasize the need for chips that are readily ejected. As the
flute area is only about 50% of the total drill cross-
sectional area, the chips must be removed at twice the speed
they are created. As a result of these space restrictions, it
is desirable to have chips that are discontinuous, as these
are more easily removed by the conveyor action of the helical

flutes, gravity, coolant pressure and/or the withdrawal of the

drill.

Continuous chips, on the other hand, occupy a space that is
greater than the actual volume of the material removed due to
of their conical shape, see Figure 7, which can complicate
their removal. These chips have a tendency to "bird-nest"
(wrap around the drill shank) and are therefore a known hazard
to tool 1life, operating personnel and the surface finish of
the work-piece [9]. There is also a greater tendency for
continuous chips to clog in the drill flute which causes
higher drilling torque, higher cutting temperature, lower

quality of hole produced, accelerated tool wear and even

catastrophic failure.

By considering the principles of chip formation and chip curl
the chip form produced in drilling can be understood. The rake
face of a drill is not flat but twisted, also the rake angle

increases along the cutting lip from the inner (chisel) corner
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to the outer corner. Figure 7 shows that the twisted rake face
has the effect of rotating the chip around the axis of the
drill (with the angular velocity @e ). Side-curling is induced
by the varying cutting speed along the cutting lip (0, ), with
the obstruction of the web causing the chip to curl up (0, )
The chip is therefore given three components of angular

velocity o, , @, and o, , which result in the helical motion
of angular velocity © . A collection of typical chip forms

produced in drilling is shown in Figure 8.

The general classification of chips [13] can be seen in Figure
9, where nine types of chip are basically defined according to
their length. More detailed classification symbols can be used
to indicate the mode of chip curl (upward, oblique, sideward),
the radius of curvature (relative to the width of chip) and
the pitch of coil (Figure 10). From a practical point of view,
the chip form is more conveniently expressed in terms that can
be readily measured, i.e. the pitch P, the diameter D, and the

angle between the chip face and the coil axis, .

When drilling most engineering materials, the initial chip
form will be unconstrained producing a basic conical chip
shape. The chip formation across the chisel edge is different
and resembles an extrusion process more than cutting (Figure
11). Separate chips are produced which are transported and
deposited together with the main chips. As the hole deepens,
the initial chip motion is prevented by the hole wall.
Depending on the ratio of feed/drill diameter, the drill
geometry and the brittleness of the material, one of the

following will occur:
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(a) Conical hel fcal chip

RN\

— R

(b) Helical chip with long pitch (¢) Fan-shaped broken chip

1!’ e
.-"b” :ﬂﬁizz? ija
(d) Transitional chip () Folded chip (f) Needle chip

Figure 8 - Various forms of drill chip [16]

General classification

example
L M i Il turning : drilling
1 powder or b
type 3 (=) elemental ne
m m
type 2 s rectangular s>
(2)
broken w H
type 3 o 1/2 turn ) ! @@
- [3) uso 4 3] €10
broken, about '
type 4 &) one turn (C 5 C% ﬁ ! v
(C _type) sheped) Mwo Wco [ss ! opas
broken, Zto 1
type S - 10 turms QUWE = ﬁjﬁbm
(2 _type) Mws v ! Blws  (s1as (e

broken, 1rreg-
type 6 4 ular form & m
[6) 1G]

T -
W : TUV__. (Mo
it PR
7] v . o
A v 1
" continuous, W ' m_ o
tyve 7 " constant form| ¢ .
L= i ,-;W’
i 7 e
]
] —
i e T
) s : 7R
continuous, i T G:zj“
type 8 . irregular P s
(=) form M
{8) RSz (8] oL
other than
type 9 (' the above
x} types
unknown
' (no informaz-
tion)
Figure G Classification of chip form by Subcommittee " Chip Disposal”, Sectional

Committee on Machinability in JSPE
[11]
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(1) Mode of curling (2) Radius of curvature

exasple

type  |sysbol| exsaple Lype [ayabor]

no-curl i M small raaiuo 1

increass froam @
up-curl u <P u@ @ W pmall rediue z

diua 3
side-curl 5 ﬁ(w medium radiu

c increase from r
conical-curl medium radius

randoa-curl | g @% large radius s

increase from

%Jﬁ@%@@

emiscellanecus| Z erge radfug &
unknown P
(no information) e e g
(Note) uninorm

= (ne {nformation)| 0

;/
%‘?ﬂ: _@f__» (Note) emall radius: r/b <1
\ :

medium radius: 1< r/bc <2

u(e<o’)  S(8>707) Cl0"<e<107) large radius: r/b > 2
c
©: the angle between the coil axis and the
tangential plere to the chip surface N —h—

T r

(3) Pitch of coil

type lsyuba].l example

short pitch | S @ m

sedium pitch| M m
long piteh | L m

wiscellaneous| Z

unknown 0
(no information)

(Note) short pitch (S): p/bc <1 (overlapped)
medium pitch (M): 1< p/bc<2 (elose)
long pitch (L): p/bc> 2 (open)

&ﬁ
r

> Classification of chip form by Subcommittee ~Chip Disposal”, Sectional
Figure 10 = committee on Machinability in JSPE [11]
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Figure 1f - = Chip Formation from Chisel

and Cutting Lip

31







