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ABSTRACT

Metal cutting operations such as turning, milling and drilling are widely used in
manufacturing to produce a variety of mechanical components. Drilling, a hole producing
process, is especialy important because it accounts for a large portion of overall machining
operations. In addition, drilling problems can result in costly production waste because many

drilling operations are usually among the final stepsin fabricating a part.

The present study is focus on predicting the thrust force and torque in drilling using high
speed drills, with different diameters, on the AISI 1020 steedl. An anaytica finite element
technique is develop for predicting the thrust force and torque in drilling with twist drills. The
approach is based on representing the cutting forces along the cutting lips as a series of oblique
sections. Also the cutting in the chisel region is treated as orthogonal cutting with different
cutting speeds depending on the radia location. For each section, an Eulerian finite element
model is used to simulate the cutting forces. The section forces are combined to determine the
overall thrust force and drilling torque on the drills. Results of predicted forces and torques are
compared with measured forces and torques. The forces and torques predicted by the FEM are in
close agreement with the experimental observed forces and torquesin drilling tests of AISI 1020
steel for severa drill diameters, spindle speeds and feed rates.



NOMENCLATURE

SYMBOLS DESCRIPTION

A : Areain the shear plane

b : Cutting width

Fu : Principa (cutting) force

F : Friction force

Fr : Transverse force

Fy : Vertical (thrust) force

Frang : Forcein transverse direction of drill
Fhrust : Forcein axial direction of drill

Frad : Forcein radial direction of drill

: Inclination angle

L : Pitch of the helix on the drill
Ny : Normal force
Q : Projected area of the cutting cross section

r : Radius of the section from drill center

t : Undeformed chip thickness
fy : Depth of cut

Us : Shear energy rate

Ur : Friction energy rate

v : Cutting velocity

vz : Chip flow velocity

I : Chip velocity in the shear plane
w . Half of the web thickness
e . Effective rake angle

Op : Rake angle

Oy . Side rake angle of tool

ap : Back rake angle of tool
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: Side cutting angle of tool
: Friction angle

: Shear plane angle, angle between the shear and

cutting velocity

: Chip flow angle
: Half of the drill point angle

: Shear stress in the shear plane
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CHAPTER 1 INTRODUCTION

This chapter discusses the basic details camcepts of related topics associated

with the thesis work.

1.1 DRILLING

Drilling is one of the most widely used methodsnudiking holes. Drilling is the

operation of making cylindrical holes into the dojjleometryFig. 1.1 shows the drilling

process.
Rotqtion
Chips A
@ Vibration
— ¥
Workpiece FF\Y Twist Drrill

N

Figure 1.1 Drilling process

The cutting tool in this case is a drill with whiehhole can be made from the
solid or the diameter of a previously drilled hokn be increased (enlarging holes). The
primary cutting motion in the drilling is rotary, sraight-line feed is used. In ordinary
drill presses, both of these motions are imparteth¢ drill. The drill is clamped in the
spindle which rotates it and feeds it downward th®workpiece clamped stationary into
the table.



The same operation can also be usedtf@r hole making operations such as
center drilling, counter sinking and counter borifidnis operation is limited to holes
through the axis of rotation of the workpiece aoahf any of the ends.

The termdrill can refer to a drilling machine, or can refer wridl bit for use in a
drilling machine.Drill bit or bit is used throughout to refer to a bit for use idridling

machine andirill refers always to a drilling machine.

1.2 TWIST DRILL

Drill bits are cutting tools used to create cylindrical hoRiss are held in a tool
called a drill, which rotates them and providegjt@r and axial force to create the hole.
Specialized bits are also available for non-cylicalrshaped holes.

The twist drill bit is the type produced in largegtantity today. It drills holes in
metal, plastic and wood.

The twist drill bit was invented by & A. Morse of East Bridgewater,
Massachusetts in 1861.He received U.S. patent 3&it18s invention on April 7, 1863.
The original method of manufacture was to cut twaoges in opposite sides of a round
bar, then to twist the bar to produce the helidales. This gave the tool its name.
Nowadays, the drill bit is usually made by rotatitige bar while moving it past a
grinding wheel to cut the flutes in the same marasecutting helical gears.

The most common type of drill is a stardl-point twist drill as shown in Fig. 1.2.
This type of drill is versatile and can be usedaowariety of materials such as wood,
plastic, masonry, ceramic and metal. These diidl bave two spiral grooves running the
length of the drill. These grooves aid in transipgrtcutting fluid to the drill tip and in
removing the chips from the hole. These types tifldts are held in chucks or collets on
machines that are either hand-held or automatei. fJpe of drilling can often cause
burrs at both the entrance and the exit of the lhol& parts often need a subsequent

deburring operation to smooth out the holes.



Figure 1.2 Twist drills

The geometry and sharpening of the cutting edgesusal to the performance of
the bit. Users often throw away small bits thatdeee blunt and replace them with new
bits because they are inexpensive and sharpenarg Well is difficult. For larger bits,
special grinding jigs are available. A special tgahder is available for sharpening or

reshaping cutting surfaces on twist drills to oftierthe drill for a particular material.

Tools recognizable as twist drill bits are currgmtfoduced in diameters covering
a range from 0.05 to 100 mm (0.0020 to 3.937 intkngths up to about 1,000 mm

(39 inch) are available for use in powered handstoo

Manufacturers can produce special vassiof the twist drill bit, varying the
geometry and the materials used, to suit partianachinery and particular materials to
be cut. Twist drill bits are available in the witlehoice of tooling materials. However,
even for industrial users, most holes are stillattiwith a conventional bit of high speed
steel.

The most common twist drill (the onedswl general hardware stores) has a point
angle of 118. This is a suitable angle for a wide array of saskd will not cause the
uninitiated operator undue stress by wandering iggidg in. A more aggressive
(sharper) angle, such as®°9& suited for very soft plastics and other malsriThe bit is
generally self-starting and cut very quickly. A Btxaer angle, such as 150s suited for
drilling steels and other tougher materials. Thydesbit requires a starter hole but will

not bind or suffer premature wear when a propet fage is used.

Drills with no point angle are used ituations where a blind, flat-bottomed hole

is required. These drills are very sensitive tongjes in lip angle and even a slight



change can result in an inappropriately fast cgttnill bit that will suffer premature

wear.

1.2.1  Twist Drill Bit Geometry
The main geometry parameters of twistl @né described below, as shown in
Fig. 1.3
» Spiral: Therate of twist in the drill, controls the rate ofiglemoval in a drill. A
fast spiral drill is used in high feed rate apgiicas under low spindle speeds, where
removal of a large volume of swarf is required. Lepiral drills are used in cutting
applications where high cutting speeds are trathilig used, and where the material has

a tendency to gall on the drill or otherwise clbg hole, such as aluminum or copper.

» Point angle: The angle formed at the tip of the drill, is detered by material the
drill will be operating in. Harder materials recquia larger point angle, and softer
materials require a sharper angle. The correctt @wigle for the hardness of the material

controls wandering, chatter, hole shape, wear eaig other characteristics.

» Lip clearance angle: The angle formed by the portion of the flanksadint to
the land and a plane at right angle to the dril$ axeasured at the periphery of the drill.
The lip angle determines the amount of supportigemi/to the cutting edge. A greater lip
angle will cause the drill to cut more aggressivahlyder the same amount of point
pressure as a drill with a smaller lip angle. Botimditions can cause binding, wear, and
eventual catastrophic failure of the tool. The gropmount of lip clearance is determined
by the point angle. A very acute point angle hasenveeb surface area presented to the
work at any one time, requiring an aggressive hgle, where a flat drill is extremely
sensitive to small changes in lip angle due tosthall surface area supporting the cutting

edges.

* Flank: The surface on the drill which extends behinddiiging lip to the

following flute is termed as flank.



e Land or Margin : Itis the cylindrically ground body surface on teading edge
of the drill.

* Rake Angle : The angle between the tangent to the face (ifiukes at the point
of the lip (cutting edge) being refereed to andrtbemal, at the same point, to the surface
of revolution described by the lip about the datis.
The normal rake angle is highly negative near thiset edge, the inclination
angle is more positive.

* Helix Angle : The angle between the leading edge of the landrendxis of the
drill. The large helix angle results in a more pwsi rake angle, which improves the
cutting efficiency but also weakens the drill.

Neck Diam.

. thﬂ Shank
Tan;
@ O 1 e

Lip Relief Angle
Rake or
Axis Neck Length —~ r-*— Helix Angle

L} -FL- Straight Shank -+ -

] Flutes

Shank th ——I Flute Length -
D r~—Shank Leng r-—Body Length B
e~ Over-All Length

Y

le— Shank Length —=t+——————Flute Length ————




Clearance Diam. — Point Angle

Body Diam. T

Clearance aR3
Chisel Edge ~— Drill
Angle Diam
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Lp” / \/<

Chisel Endg\‘:-J

Figure. 1.3 Twist drill bit geometry

* Lead of Helix: The distance measured parallel to the drill ebesween the

corresponding point on the leading edge of the larahe complete revolution.

» Chisel Edge :It is formed by the intersection of the two flanksprovides the
support during drilling and also provides drill pbistrength to resist lateral bending
moments due to vibration or unbalanced forces dudirilling. Cutting along the chisel
edge is not efficient due to large negative rakgleamand slow cutting speed near the
centre of the drill. The cutting forces along thesel edge contribute more than half of

the total thrust force while only contributing aryesmall portion of the drilling torque.

* Web : The cutting edge is thickened gradually from tb&dm, to provide the
strength to the drill, is termed as web. The thfaste is maximum at the web where the
material is compressed and extruded rather thaarethéo the minimum value at the end
of cutting edge.

Most drills for consumer use have ginaishanks. For heavy duty drilling in

industry, drills with tapered shanks are sometiomssesl.



1.3 ELEMENTS OF DRILL BIT GEOMETRY

Like a single-point tool, a drill has rake and eékangles.

The Rake anglée; is the angle between the tangent to the facénérilute) at the
point of the lip (cutting edge) being referred talaghe normal, at the same point, to the
surface of revolution described by the lip aboet dhill axis.

The rake angle vary gradually along the lip. Andisitmeasured in a plane
perpendicular to the lip (planBB in Fig.1.4). It can be determined (neglecting the
thickness of the web) by the formula,

T, tanw
il (1.1)

tamy, =
o Rsing
where

= = Radius of the circle on which the point beingsidered is located
£ = Radius of the drill
w = Helix angle of the flutes

@ = One half of the point angle

The rake angle acquires its maximum value at thplpery of the drill where, in
a plane parallel to the drill axis (plad&y), it is equal to the helix angle of the helix
flutes.

The minimum value of rake angle is at the apexhefgdoint. The rake angle at the
chisel edge is negative so that the cutting angteeds 90 and the cutting conditions are
unfavourable.

This marked variation of the rake angle along thle length of the lip is an
essential shortcoming of twist drills since it Iegd the more complex conditions of the
chip formation.

A larger rake angle, however, reduces the lip grigling to more rapid heating

of this part of the drill and, consequently, to rinaxm wear.



. i
Relief angle

Figure 1.4 Rake and relief angles of a twist diil
The variation of the rake angle glahe lip is evident from the graphical
construction (Fig.1.5). If a helix is developedaplane it will become the hypotenuse of
the right triangle of which one side is lead (p)tci the flutes and the other side is the
circumference of the circle of a diameter on wtitoh helix was formed.

Wy= ¥+ ]
/ \
= JT ﬂ_f— g
g/ —

Figure 1.5 Variation in rake angle along the dril tip



The relief angle,@ is the angle between a tangent to the flank, orrdipef
surface, at the point being considered on the rigp @ tangent at the same point to the
circle the point describes as it rotates aboutdtiieaxis. This angle is measured in the
planeAA which is which is tangent to the cylindrical swéa(see Fig.1.4) on which the
above mentioned tip lies. The axis of this cylicdtisurface coincides with the drill axis.

The relief angle in a normal plalB for a point on the periphery of the drill can

be determined by the formula

tana, = tana sing (1.2}

The actual plane of cut is tangent to this helsaface. Hence, the actual relief
angle in the process of drilling, the working-rélangle,®w, is the angle between the
actual plane of cut and a plane tangent to theelipf surface of the drill.

The smaller the diameter of the circle on whicé point being considered lies,
the larger feeds, the larger angle will be and smaller the workialief angles®sw .

It can be seen from the drill geometry consideifgalva that it has certain features
which adversely influence the process of chip fdaromain drilling. These features
include:

* Reduction in the rake angle along the lips as tbétpbeing considered
approaches the drill axis.

* Unfavourable cutting conditions at chisel edgedsihere cutting angle exceeds
90°).

* The lack of the relief angle on the margins, legdio increased friction in the
drilled hole.

1.4 TOOL FORCES AND TORQUE ACTING ON DRILL
All the elements of a drill are subjected tota@@ forces in drilling. Resolving the
resultant forces of resistance to cutting at eamhtpof the lip we obtain three forces

acting mutually perpendicular to each other.



The forces and torque in drilling are main parargefor efficient working of the
drill. In drilling the force is divided into mairntee components, as shown in Fig. 1.6:
« Principal or cutting forceffs): These horizontal forces acting on both lips in

the radial direction cancel each other due to yinensetry of the cutting lips.

‘;;'F

Py

z

Figure 1.6 Forces acting on a drill

+ Vertical component of forcef¢): This component of force acting in the axial
direction of the drill contribute to the thrust ¢er acing upwards, impede the
penetration of the drill into the work.

« Transverse component of forger|: This component of force used to predict the
torque in drilling by multiplying this force withadial distance to the axis of the
drill.

In order for the drill to penetrate into the wottke thrust force applied to it by the
machine must overcome the sum of the forces ofteeste acting along the drill axis.
Thus

10



F* = E{EF"‘I".FI"‘F}'] (1.3)

It had been found from experiments that the foafagsistance’v developed on

the lips come to about 40 percent of the totalstasce (thrust forcé€ ), the force of
resistance developed on the chisel edge is aboyteBint and the friction forcea
about 3 percent.

The forces which impede the advance of the drith the material are overcome
by the feed mechanism of the drill press whoseges based on the maximum axial
thrust forcef .

In operating a drill press to given drilling condits, it is necessary to see that the
total force of resistance acting along the drilisaxr axial thrust force’ , is less or, in
any case, equal to the maximum fofea=:: permitted by the feed mechanism (to avoid
breaking the weakest link in the feed train), .e< Fmax

The maximum permissible thrust forées=x is usually calculated when the
machine is designed; it is given in the service uaor certificate of the machine tool.

Force,’z sets up the moment of resistance

M. =F.x (1.4)

The total moment of forces of resistance is madefujpe moment of forcez:,
moment of forces due to scraping and friction om thisel edge}ce, moment of the
friction forces on the margiri4= , and the moment of the forces of friction of tigpcon
the drill and on the machined surfalg,

Thus,

.1ur = jl.il-rc + '1'!'.‘9 + ;1.jrn1 + _‘u'rc {1. .:I}

Investigations show that about 80 percent of th& tmoment of the resistance to
cutting is accounted for by the lips, 8 percenttly chisel edge and 12 percent by the
friction between the chip and drill, chip and haled the drill margins and the machined

surface, {fm + Mc).

11



In addition to the above mentioned condition conicey the penetration of the
drill into the work, it will be necessary, in order perform drilling in the given machine,

that the total moment of resistance be overcomghéyvailable torque of the drill press,

i.e. M >M | the torque of the drill press is determined ®y/fdrmula

M, = 975000 —= kgf —mm (1.6)
where )
Nep = Available power at the spindle, kW
n = Speed of the spindle (drill), rpm
Also,
Nep = Npge-1 (1.7}
where

Nm:= Power of the electric motor of the machine t&V

17 = Efficiency of the machine tool

The total moment of resistance to cuttii, should not only be less or, in any
case, equal to torqu¥: developed by the electric motor of the drill presshe given

iri

spindle speed, but also less or, at last, equéiletanaximum torquey: permitted by the
weakest link in the main drive gear train (to avitidbreakage), i.¢f < M:

Torque,M: can be readily calculated by the formula givenvabevhile torque:
is generally calculated in designing the maching iarindicated in the service manual or

certificate.

1.5 EFFECT OF VARIOUS FACTORS ON THE AXIAL THRUST
AND TORQUE IN DRILLING

Drill torque and axial thrust are functsomainly on the following factors:-
1. Composition and hardness of the work material
2. Drill diameter and feed

3. Drill geometry

12



Cutting fluid efficiency
Drilling depth

Drill wear

N o o k&

Cutting speed

Workpiece Material: The higher tensile strength or hardness of the nadtéhe
greater the axial thrust and the moment of theefmf resistance to cutting in
drilling.
This relationship can be expressed mathematicglthé following equations:
In drilling steels with high-speed steel drills,
F =C,0.75 (1.8)
M= C;0.75 (1.9)
In drilling grey cast irons with carbide-tipped |t

F = C, Ban''® (1.10)
M = C, Ban®3 (1.11)

L

Drill diameter and Feed: The larger the drill diameter and the rate of fped
revolution, the larger the cross sectional arethefundeformed chip will be, the
greater the resistance of chip formation and, apunsetly, the greater the axial
thrust and torque.

Experimental research has indicated that the dialneter has a greater effect

inincreasing” and* than the rate of feed. The reason is that thédigimeter
seems to represent the depth of cut in drilling, @sdsuch, has more influence on

the forces acting in cutting than the feed.

Drill Geometry: Thehelix angle* of the flutes affects and™ in as much as
it determines the rake angle of the drill. It foll® from the formula, that the
larger helix angle is, the larger rake angle waldi each point of the lip, the more

easily the chip is formed.

13



i tan w

tany, = 11.12)

Rs=in g
Consequently, lower the axial thrust forée, and the moment of the forces of

resistance}! as shown in Fig. 1.7, this reduction is more manke to a value of
30°.

M kgf-cm £ kgt
160 1108 —
| N j
— — e — E
so0l—L 600
20 30 w° 2 70 w°
(a) (b)

Figure 1.7 Effect of flute helix angle (a) on théorque,
(b) on the axial thrust

Thepoint angle2¢ affects the ratio of the forces horizontal andieal,
as well as the undeformed chip thickness. Therefbecannot but affect thrust,

and torqueM upon reduction in the point angle, the horizoftates increase
and the vertical forces decrease in the same mambépoth forces are changed
upon a reduction of the plan approach angle ohgleipoint tool in turning, as
shown in Fig. 1.8.

A reduction in vertical forces, in turn, leads ke treduction in the axial

thrust force,F likewise, an increase in point angle leads to ameiase in axial

thrust forcef .

14
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m‘j '[ : l

SO0t ——
sool___ | |
g0 120 2¢

a0 3
g 120 2y
Figure 1.8 Effect of the point angle on the axiahrust and torque

» Cutting- fluid efficiency: The favorable action of cutting fluids is manifsstn
drilling as well since the cutting process in dnidj is accompanied by the same
phenomena as in turning. Consequently, the useuitdlde cutting fluids and
especially surface-active emulsions, leads to aiatoh in the axial thrust
(feeding force) and the torque, in comparison witfiling dry, by 10 to 30
percent for steel, 10 to 18 percent for cast inoth 30 to 40 percent for aluminum

alloys.

» Drilling Depth: The cutting conditions deteriorate with an inceeasthe depth
of the hole being drilled. Difficulties are encoerdgd with cutting fluid delivery
and chip ejection; heat evolution is increaseds dse degree of work-hardening.
All of these factors reduce the drill life and iease the axial thrust and torque.
Cutting at a great depth can be facilitated bydirg chip breaker grooves on the
drill which divide the chip, making it easier toeef, and reduce the heat

generation, axial thrust and torque.

15



e Drill Wear: With the increase in the flank wear of the drdh(the lip relief
surface), as shown in Fig. 1.8, and™ are increased. In comparison with a

sharp drill, the use of a dull drill raisés and™ by 10 to 16 percent.

Quter corner wear Margin wear

Figure 1.9 Wear of high-speed steel twist drill

e Cutting Speed: Axial thrust, & and torque are first increased and then
decreased with an increase in the cutting speed.éeffect of the cutting speed is

reduced with an increase in the feed and, beginwitig speed 0.4 mm per rev,

the cutting speed has practically on effect oind™ .

1.6 FINITE ELEMENT METHOD (FEM)

In Finite Element Method, a complex regad defining a continuum is discretized
into simple geometric shapes called ‘Elements’. Thaterial properties and the
governing relationships are considered over thesaents in term of unknown values at
element corner. An assembly process, duly consigetine loading and constraints,
results in a set of equations which are solveddsults.

The Finite Element Method has become a very powéosfu for the numerical
solution of a wide range of application. The apgiicn ranges from deformation & stress
analysis of automotive parts, aircraft, buildingb&dge structures etc. Finite Element
Method not only give the behavioral insight of Wi&erent part of the structure but it

also analyze the structure taking the individudieséor of these parts into consideration

16



and because of this fact it is becoming populahwhte engineering field. It is also the
trend in the industry that results are acceptablg when solved using certain computer
programs. The following section discusses elemgnidormation about Finite Element

Methods.

1.6.1 Brief History

Basic idea of the Finite Element Methariginated from advances in aircraft
structure analysis. Turner derived stiffness masritor truss, beam and other elements
and presented their findings in 1956. in the e4Ag0s, engineers used the method of
approximate solution of problem in stress analylisd flow, heat transfer and other
areas. A book by Argyris in 1955 on energy theoreand matrix methods laid a
foundation for further developments in Finite Elermsetudies. The first look on Finite
Element by Zienkiewicz and Chung was published9671 In the late 1960s and early
1970s, Finite Element Analysis was applied to namedr problems and large
deformation. Oden’s book on non linear continual®#v2, mathematical foundations
were laid in 1970s. Today’s the developments imifname computers and availability of
powerful microcomputer have brought this methodhimit reach of students and

engineers working in small industries.

1.6.2 Basic Steps of Finite Element Method
Finite Element Method can be dividatbiseveral distinctive steps. Theoretical
approach to the method and its different stepsaafellows:
» Discretization
Discretization is the process of dimglthe domain of problem into small regions
or sub-domains known as ‘Elements’. Corner poihth® elements are called ‘Nodes'.
Some of most usual elements of 1D is line, of 2®taangles, quadrilaterals and of 3D

are tetrahedrons, hexahedrons, pentahedrons.

» Element Analysis/ Element Stiffness Matrix
The Element analysis has two key corepts) expressing the variable within the
elements and maintaining equilibrium of the eleraent
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The governing equation is converted to algebfaim which is represented in
matrix form and is called Element equation or Elemgtiffness matrix. This enables
solution by computer. Element stiffness matrix esgnts the response of elements
according to its property in the system for pararsetSame matrix can be used for all
elements of same type. Following steps are useddoversion of governing equation

(differential or integral) into algebraic form.

» Construction of Trail Solution:- It is a cyclic process by hit trail. The
equation with certain Degree of freedom (DOF) ketg which is solved by
applying boundary condition either at the startiogmanual processing or

after formulation of system stiffness matrix foiigmn through computer.

> Application of Optimization Criteria:- Optimization criteria are used to

find the values of trail function. Various methaased for optimization are
given below

» Method of weighted residual

* Collocation method

* Sub domain method

» Least square method

* Galerkin method

« Ritz variational method

» Estimation of Accuracy:- The accuracy of solution is checked for closeness
to exact solution. Also accuracy can be checkedhmcking the reducing
difference of the consecutive solutions obtainedirmreasing degree of
freedom known as property of Convergence.

Sources of error in FEM are:-
« Domain error: Discretization of domain is approxiea
« Computational error: Integration and differentiatiaduce error.
e Approximation error: Assumption of DOF makes theluson

approximate.
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» System Analysis/ System Stiffness Matrix
The matrix equations for the individeééments are combined to form the matrix
equations for the entire system called Systermsts§ matrix. It gives the response of the
parameters on the entire system.

* Incorporation of Boundary and Loading Conditions
The system stiffness matrix is modifiadcording to the overall boundary
conditions. This reduces calculation work and sawves.

* Solving to System Equations
The system equations can be solvedvi® the unknown values at the nodes. If
the problem is of equilibrium nature, then the ai#d by solving a set of linear or non-
linear equations. System equations can be solvedunyber of available solvers like
Gauss Elimination or Gauss Siedel etc.

* Post Processing/ Display
The Post processing stage deals with the reprégenta results. Typically, the
deformed configuration, mode shapes, temperaturésstiess distribution are displayed
at this stage.
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CHAPTER 2 LITERTURE REVIEW

A lot of research work has been carried out througlhe world for predicting the thrust

force and torque in drilling. A brief review ofditature is being presented here.

2.1 LITERATURE REVIEW

Williams [1] constructed a model of chip formation and an italgon model for the
chisel edge region of a twist drill. From these eled predictions were made as to the
shape of the wear zone about the chisel edge amatieqs derived for calculating the
torque and thrust developed by the chisel edgendive geometry of the drill point, the
cutting conditions and a shear stress factor fervibrk material. Using the chisel edge
thrust equation, it was shown that as the drilldfaends to zero, the drill thrust
approached a finite value, the magnitude of whiels v reasonable agreement with that

observed experimentally.

Armarego and Cheng [2]developed a cutting analysis, based on obliquéenguthodels,
for the drill lips of flat rake face drills. The alysis was predicting the reasonable
deformation and force distributions along the diifis. An analysis for conventional
drills was also attempted with less success. Theeqat of geometrical similarity was
studied and found be useful for prediction of feraedrilling and for the design of twist
drills.

Armarego and Cheng [3] predicted the effect of geometrical similarity dhe
deformation and forces of different sized convamio and modified drills
experimentally. The flat rake face drill considdyateduced the forces in drilling. The
cutting analysis for the lips of modified drills wefound to be qualitatively and
guantitatively sound. Statistical methods were uegrocess the data and verify the

theoretical predictions.
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Watson [4]predicted the torque and thrust in drilling by theting lips was developed
from an oblique machining model that a number dividual elements can represent the

material being machined by each lip.

Watson [5]modified the previous mod@4] which assumed a series of elements across
the cutting lip and underestimated the torque dmdst, to account for the necessary
integrity of the chip. Because the integral chipn$ initially as a unit in one direction
and was rotating about a point, there must beeatinariation in the chip velocity across
the lip. That variation in chip velocity affectsetlshear angle across the lip, effectively
reducing the range from that calculated for a sesfeelements. When that extra work of
effectively holding the various elements togethexswaken into account, predictions
much closer to the experimental results were obthiThe modified model accounted

reasonably for variation of most of the drill andgess variables.

Watson [6]developed anodel to indicate that on the region adjacent & dénterline,
material was cut in a normal machining processhigyrake face and extruded under the
clearance flank when the working clearance angle pesitive. As the radius increased,
the feed angle decreased and the working clearangke changed from negative to
positive, while the working rake angle changed franpositive (about 30°) to a large
negative value (-60°). When the magnitude of thgatiee rake angle becomes greater
than 45°, it was unlikely that machining will occand because of that a metal removal

process akin to a wear process was proposed fordpion.

Watson [7]performed full drill tests to confirm the chiselgadmodel that incorporated
wear, extrusion and cutting regimes revealed thiat, contradiction to previous
information, variation of the cutting speed wasduced a great change in the thrust. An
explanation of these results were advanced in tesimghe dynamic strain ageing
response of the material when the material to behmad was at an elevated temperature
because of the unsteady heat transfer from the dweate on the cutting at the chisel
edge.
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Agapiou and DeVries [8]described the analytical temperature distributialmg the
cutting edge and on the flank face of a twist drilhe analysis was based on the
assumption that the material being machined bydtlilelips can be represented by a
series of concentric elements. The technique wed t obtain a steady state solution
while a transient solution evolved from a closed¥aapproach to a semi-infinite solid
had a constant surface heat flux. The theoretippkaach also identified important
physical quantities, such as the absorption caefftoof the work material, which affect

the cutting temperatures.

Agapiou and DeVries [9kvaluated the analytical models, for estimatingtémeperature

distributions along the cutting edge and on tharalece face of a twist drill, using an
experimental technique that measures average fiailk temperatures. While the

transient model tends to overestimate the valueshefaverage flank temperatures,
especially during drilling to a one diameter hotpth, the temperatures predicted from
the steady state model agreed reasonably well With experimental results. The
difference between the analytical and experimergsililts varied with the physical and

thermal properties of the powder metallurgy workemals used in this experiment.

Stephenson and Agapiou [10fescribed a model for calculating main cutting eedg
torque, thrust and radial force distributions foillithg gray cast iron with solid carbide
and carbide-tipped drills. A general parametrichrodtfor characterizing complex point
geometries was first described. Together with eiegdircutting force models from end
cutting tests, torque, thrust and radial force dakions were carried out for ten
representative drills covering a range of availaj@emetries. Calculated and measured
torque values agreed to within the repeatabilityhaf measurements. Calculated thrust
force values were reasonable but were significdother than measured values in most
cases, since chisel edge contributions were ntuded. Calculated radial forces for an
asymmetric drill agree with limited measured valt@svithin twice the repeatability of

the measurements.

Rubenstein [11]conducted drilling operations with a set of geomatly similar twist

drills to relating the torque and the thrust todf@ad drill diameter in previously derived
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expressions. The model from which the theoretigpressions were derived was showed
to be capable of explaining the apparently devisgtiaviour observed when drilling
workpieces which exhibit high adhesion. The modas Wwased on the assumption that the
removal process at the drill lips was quasi-orth@yavhich was valid provided the drill
diameter was sufficiently large compared to thesehiedge length. The behaviour
observed with small diameter drills was showedd@nsistent with the removal process

becoming noticeably oblique.

Chandrasekharanet al. [12] developed models to predict the thrust and tofqrmes at
the different regions of cutting on a drill. The chanistic approach adopted to develop
these models exploits the geometry of the procesdsch was independent of the
workpiece material. The models were calibrated fadicular material using the well
established relationships between chip load andingutforces, modified to take
advantage of the characteristics of the drill pageometry. The cutting-lips model
predictions agreed well with the experimental databoth materials, the chisel-edge

model proposed for metals agreed well with the erpntal data.

Chandrasekharan et al. [13] developed model to predict the forces for arbyticxill
point geometry. The cutting lips were divided irgmentsand the elemental forces
were determined from a fundamental obliqueting model. The method developed to
parametrically defined theutting lip in three-dimensional space and to aeieed the
oblique cutting parameters (cutting angles and chip thiskhet each elemeon the
cutting lip. The model did not require calibratiexperiments for each point geometry.
Here the conical drill was usdd determine the model coefficients for a tool and

workpiecematerial combination and these were used for athipointgeometry.

Min et al. [14] introduced the advance understanding of the mrmdtion process, a
series of finite element models. First, a finiteraént model of the burr formation of two-
dimensional orthogonal cutting was introduced aralidated with experimental
observations. A detailed and thorough examinatiothe drilling burr forming process

undertaken. This information was used in the coettn of an analytical model and,
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leads to development of a three dimensional figtement model of drilling burr
formation and related burr formation problems thatl not been physically examined
can be simulated and the results used to contmtess planning resulting in  the

reduction of burr formation.

Shatla and Altan [15]analyzed both the drilling and ball end millingeogtions using
analytical modeling. The cutting edges of the tvdstl lip and the ball end mill were
divided into oblique cutting elements that had getsies and cutting conditions that vary
with the location of the element on the cuttingeedthe analysis was performed for each
element using flow stress data and thermal pragsenif the workpiece material, tool
geometry and cutting conditions. Predicted tempeeat on the flank side of the twist
drill lip and predicted ball end milling force rdsuwere compared with the experimental

data.

Bono and Ni [16]developed a model to predict the effects of thémisortion of the
drill and workpiece on the diameter and cylindgiodf dry drilled holes. Experiments
using embedded thermocouples verify that the mpdadiicts the flow of heat into the
workpiece and into the drill reasonably well. Thedwal predicted that thermal expansion
of the drill was the dominant effect and leads wersized holes with diameters that

increase with depth.

Bono and Ni [17] developed a model for predicting the heat thatvdlonto the

workpiece during dry drilling processes. The meedulrilling thrust and torque were
used as inputs in an oblique cutting analysis, am@dvection heat partition model was
developed to calculate heat flux loads on a fimtement model of the workpiece.
Experiments using embedded thermocouples had eerifnat the model accurately

predicts the temperature field in the workpiecedoange of drilling speeds and feeds.

Strenkowski et al. [18] developed model of three-dimensional cutting fieedgcting tool
forces and the chip flow angle. The approach ctgsikcoupling an orthogonal finite
element cutting model with an analytical model lmee-dimensional cutting. The finite

element model was based on an Eulerian approadbhwhve excellent agreement with
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measured tool forces and chip geometries. The tcalynodel in which a minimum
energy approach was used to determine the chip dimection. Themodel required
orthogonal cutting test data to determine the footes and chip flow angle. With this
approach, a predictive model of three-dimension#irgy can be developed that did not
require measured data as input. Cutting experimesgie described in which good
agreement was found between measured and predixietbrces and chip flow angles

for machining of AISI 1020 steel.

Carroll and Strenkowski [19] described two computer models that treated theiaipe

cases of orthogonal cutting. The models were baseitie finite element method, which
was used to discretize a portion of the workpigcéhe vicinity of the cutting tool. The

detailed stress and strain fields in the chip aondkpiece, chip geometry and tool forces
can be determined from the models. The first moded based on a specially modified
version of a large deformation updated Lagrangiadec developed at Lawrence
Livermore National Laboratory, which employs ansélaplastic material model. The

second model treats the region in the vicinityh& tutting tool as an Eulerian flow field.
Material passing through the field was modeled igsoplastic. Results obtained from
both models showed excellent agreement when comhpeite measured tool forces for

slow speed cutting of aluminium 2024-T361.

Strenkowski and Moon [20]predicted a model for chip geometry and tempeeatur
distribution in the workpiece, chip, and tool witlidhe need for empirical cutting data.
With the capability to predict chip geometry theltohip contact length also be found.
Characteristics of the flow field in the vicinity the tool also be determined such as the
material velocity, the stress and strain-rate ithigtions. It was found that the shear stress
occurs over a finite region in front of the toakther than a single shear plane. Cutting
experiments were performed for aluminum alloy 60&1to validate the model. Good
correlation with the model was found based on toades and average tool-chip interface

temperature measurements.

Athavale and Strenkowski [21]described model for predicting the chip breakagpbili
potential of groove andbstruction-type tools. The potential for a toobteak chips was

25



evaluated in terms of the chip geomeind the damage sustained by the chip as it was
formed in the shear zone. The chip geometry warchexrizedy its thickness-to-radius
ratio and the material damage was evaluateterms of a normalized accumulated
damage factor that was based on a hole growth @adscence model and was evaluated
using a finite element cutting model. A total of0ZLitting tests were conducted to verify
the model. Different toolsicluding flat, obstruction and groove were tedtdcutting of
AISI 1020 steel and SS 304 steel. Each of theskegeometries exhibited significantly
different chip thickness-to-radius ratios and ndipeal accumulated damage. Threshold
criteria for breaking chips were determined for s#o steels. For difficult-to-break
materials such astainless, a lower normalized accumulated damagengaded and a
higher chip thickness-to-radius ratio was requitedoreak chips. Althougthe model
presented was developed for orthogooatting, it can be readily extended to three

dimensional machiningrocesses.

Shih [22] developed the plane-strain finite element method applied to model the
orthogonal metal cutting of annealed low carborelstdth continuous chip formation.
Four sets of simulation results for cutting wittf,-®°, 5°, and 15° rake angle were
summarized and compared to analyze the effectakaf angle in the cutting processes.
The initial and deformed finite element meshes,tlas cutting reaches steady-state
condition were first presented. Simulation reswfsthe cutting forces and residual
stresses along with the X-ray diffraction measumsief the residual stresses generated
using a worn cutting tool with 5° rake angle, weeed to identify the influences of the
rake angle and tool sharpness. Elements were sdléztrepresent three sections along
the shear and contact zones and under the cutceurfde normal and shear stresses
distributions of parameters along these three @®stiand contours of temperature,

plastic strain, and effective stress were thengmtesl.

Bono and Ni [23] developed a drill-foil thermocouple system for swing the
temperature distribution along the cutting edges afrill. The system was simple to
implement and it did not suffer the problems exgeced by previously developed

methods. The drilling processes cause twist didiseach extreme temperatures, which
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can have severe effects on the quality of holedywred and on the life of the tools. This
study develops a method for measuring the temperatistribution along the cutting

edges of a drill. Experiments show that the methvad accurate, produced repeatable
measurements and was sensitive to the drilling itond including the speed, feed and

drill geometry.

Strenkowski et al. [24] developed an analytical finite element techniquepredicting
the thrust force and torque in drilling with twidtills. The approach was based on
representing the cutting forces along the cuttipg &s a series of oblique sections. For
each section, an Eulerian finite element model wgzsl to simulate the cutting forces and
then the section forces were combined to detertiaeeoverall thrust force and drilling

torque.

From the literature review it can be seen thatRinge Element studies are useful
when used in conjunction with an experimental tgsfprogram. Predicting the thrust
force and torque in drilling using Finite Elemenhdysis allows for a more extensive
parametric investigation of the underlying behaviban is possible in a laboratory
setting. In previous years, much progress has beste in the Finite Element modeling
of the thrust force and torque in drilling. Finiement modeling of experimental
specimens allows for a better understanding ofeforand the torque in the drill and to

better investigate their influence on drill.
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CHAPTER 3 FEM FORMULATION

From the literature review discussed in the previobapter, it is seen that FEM
can be used to model the specimen for the bet@eratanding of forces and torque in
the drilling process. In the present work an amedytmodel for oblique cutting is
described for analyzing a single section in théirgtip region of the drill, which can be
combined to determine the thrust force and torduee model is developed using the
Eulerian Finite Element with Minimum Energy Apprbac

These approaches are given below:-

Minimum Energy Approach: This approach helps to find the chip flow angleeTh
angle is found from the condition that, the chgwflin a direction to minimize the cutting

energy.

Total cutting rate{ ) = Shear energy rate on the shear pl&ag {

Friction energy rate on the tool fac&

Eulerian Finite Element Approach: An Eulerian Finite Element Technique is well
suited for modeling steady state cutting procedsebis method, the workpiece and chip
flow through a control volume defined by the FinEéement grid. The chip shape is
established by requiring that external boundarieshe chip be coincident with the
assumed chip boundaries.

The main advantage of this approach is that it banused to model chip
formation with negative rake angles and both thied® and the heating of the drill due to
plastic work and friction can be integrated in agi model to predict forces and drill
temperatures as a function of workpiece, feed aeed

3.1 SINGLE EDGE OBLIQUE CUTTING MODEL

The cutting action along the cutting lips in aldcén be interpreted as occurring
within a series of oblique sections, in which thker and inclination angles vary radially

along each lip [2,3]. In this paper, an analytitaite element technique was adopted for
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predicting the chip flow angle and three-dimensiadique cutting forces that occurs in
each section [18]. The technique was based on enmin energy approach as developed
by Strenkowskiet al. [24] for determining the chip flow angle. An Eukeni model
developed by Strenkowskit al.[18] was coupled with this minimum energy approach
for the orthogonal cutting force data. The modeleligped is shown below.

Consider first the simplest case of a tool withoafique cutting edge as shown in
Fig. 3.1, which has been adapted from Strenkowslkil. [24]. The inclination angle of
the main cutting edge i5, the depth of cut i$: and the cutting width i¢ . The
underlying assumption is that a chip is producedhmsar forces acting in the pla@dFD

with the main cutting edge? .

Three-dimensional cutting can be interpreted asoleation of plane strain
orthogonal cutting slices. One typical plane isespnted byHERQGGC which is cross-
hatched in Fig. 3.1.

This plane is defined by the cutting velocity,and the chip flow velocity vector,
Ve . Chip formation in this plane may be regarded lasie strain deformation with a
corresponding shear angle, mean friction angle,aok material shear strength as in

orthogonal cutting.
Therefore, lineCZ may be regarded as coincident with the shear paneline

HI' may be considered to be the undeformed chip teikin orthogonal cutting. Any

other plane that is parallel to the plai#ERQGC will have the same effective shear

plane angle and effective rake angle, but withffeidint depth of cut;-

Therefore, three-dimensional cutting is interpredsd series of orthogonal slices,
each with the same effective shear plane angleeffrdtive rake angle along the main
cutting edge.

The effective rake angle is measured in the plaowendd by the chip flow
velocity, = and cutting velocity!’ and it is defined by the angle between the clap fl
direction and a line normal to the cutting velocithis angle can be related to the chip
flow angle, inclination angle, and rake angle by

1

@, = sin”“(sin@ycosn.cosi + sinnsini) (3.1)

The chip flow angle?. can be determined by using a minimum energy agproa

29



Figure 3.1 Model of Oblique Cutting
The total cutting energy rate consists of the slee@rgy rate{s) on the shear

plane and friction energy rat&s) on the tool face. The shear energy r&kecan be
expressed as:

U, =1,AV (3.2)

whereTs is the shear stress in the shear planelani$ the shear velocity in the shear
plane.

The area of the shear plane areaCdfD is # , which is equal to the cross-
product of the vector§E andCP | as shown in Fig. 3.1. An orthogonal coordinate
system with origin at poin€ is defined as shown in this figure. The x-axisi&gined
along lineCl and parallel to the cutting velocity vectdr,. The y-axis is in the plane
determined by’ and the tool edgél . The angle between the y-axis and kife is? .
The z-axis, not shown in Fig.3.1, is perpendicttathe x- and y-axes to form a right-

handed coordinate system.

Also the length of line§¢ andf! are given by,
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R
1
CG= ——
COS 0y COST),

and

I, COs @,
H = ————
COS @, COST,

VectorsCE andCD can be expressed as:

ty cosa { tqcCcos@ |
CE = 1 e . (L -"""e | —312-:1
COSs o, cOsN tang, \ | COSOd, COST/
and €D = [-btani, b,0]

The area! is equal to the cross-produd x €0 | which can be rearranged as:

A= bVt,*(1 4 tan®i) + =7 (3.3)
where
P
z= l(p? —t,?) tani (3.4)
tang, + y P !
t, COS
p= ————*° (3.5)

COS @y, COST,

Based on orthogonal cutting theory, velocity in shear plane is given by

cosd,

I, = (3.6)

" cosl [
where @ is the angle between the shear plane and cut@hgcity and®. is the
effective rake angle.

Thus the shear energy rakg, in Eg. (3.2) can be rewritten as
T, Aco5a,
U, =

cosl@, — dg )

(3.7}

Similarly, the friction energy raté)s on the rake face can be written as,
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sing
Uy = F[—'E V (3.8)
cosl @, —ag )

where Ft is the friction force on the rake surface.

In order to calculate the total energy rate frogs.H3.7) and (3.8), the effective
shear plane angl@{) and the shear plane stre3s ) must be known.

It is assumed that the relationships betw#enand *= and the effective rake
angle,®= are the same as those in orthogonal cutting uadaivalent conditions. In

addition, by assuming that the friction force agton a unit width of the tool face with
undeformed chip thickness ) is the same as the friction force in orthogonating with

unit width of cut and undeformed chip thicknesg, (the friction forcef: can be written
as

L.
T, SInficosa,
E = . g (3.9)
coslg, + 5 —ag)sing,

wheref is the friction angle on the tool face a@dfor a sharp nose tool can be written
as

ht,
Q =

I (3.10)
COsa, COs1
Egs. (3.9) and (3.10) are used to calculate tletidri energy ratels-
The total cutting energy rate can be found by agldire contribution from the
shear and friction energy rates. Note that thegneates are dependent on the chip flow

angle,”: which is not known. However, the angle can be fofrath the condition that
the chip will flow in a direction that minimizesedltutting energy? .
Based on the minimum cutting energy, the tooldaromponents can be derived

from geometric considerations

Fy = N;cosag,cosi+ Esina, (3.11)
Fy = —N,sina, + R cosny.cosa, (3.12)
Fr = —N,cosa, sini + F, sinf,. cosi — F, cosn.sinisina, (3.13)

where fu, fv and fr are the principal (cutting), vertical (thrust) armdnsverse
components of the tool force, respectively aitdand f: are the normal and friction

forces that can be determined once the minimumggrisrknown. The force components

are functions offx, ' , b, fx and?”. which are known constants, except for the chip/flo
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angle,”: which can be evaluated by minimizing the cuttingregy. Therefore the three-
dimensional tool forces can be readily determined.

In the analysis, orthogonal cutting tests are resrgsto provide the shear stress,

s, shear angle®.- and friction angle,f needed in the above equations. As an
alternative, an Eulerian finite element cutting raboid used to determine the orthogonal
cutting data [18].

3.2 DRILLING MODEL

The analytical finite element oblique cutting teicjue described in the previous
section is applied to selected sections along titéng lip to determine the drilling
forces. At each obligue cutting section, the thadeeensional cutting forces are
calculated and then combined to determine theirdgilthrust force and torque. The
geometry of a typical twist drill as defined inrtes of three key parameters, the helix
angle £ ), point angle (2 ) and web-thickness §2). Both the helix angle and the point
angle will affect the rake angle along each cutlipg A large helix angle results in a
more positive rake angle, which improves the cgt@fficiency but also weakens the
drill.

3.2.1 Cutting Lip Force Model
For the drilling model, each cutting lip is dividedo oblique cutting sections for
which the corresponding three-dimensional forces loa determined. For each section,

the rake and inclination angle must be determiniéor straight cutting lips, the

inclination angle,’ and normal rake angle%-. can be determined by the following

formula:
. wsinp
sini = — (3.14)
tana, = cosi(tana_cosC, +tana, sinC.) (3.15)
where
tand tani
tan o, = - (3.16]

* tamn(C, sinC,
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¥ \
tama, = 27— (3.18)
f ¥

(3.19)

In Egs. (3.14) to (3.19)7 is the half web thickness, is the radial distance from

the drill axis,. is the pitch length of the helix on the drii; is the side rakeZz is the
back rake and: is the side cutting angle of tool.

Using the single edge oblique cutting model, folicethe horizontal, vertical, and
lateral directions can be determined. Note thatderare based on a local coordinate
system for each section along each cutting lip.s€Hecal forces must be transformed to
the global coordinate system corresponding to dlagal, axial, and transverse directions
of the drill.

Forces in the axial direction contribute to theusitrforce. The torque consists of
the transverse force times the radial distancén¢oaixis of the drill. The forces in the

radial direction cancel each other due to the sytmnoé the cutting lips.

Cutting
Direction

Point Angle

(a) Side view (b) Top view
Figure 3.2 Conversion of u, Fv and Fr in oblique cutting to ftane | Fehruse and

Fr.a on adrill

Fig. 3.2 shows the directions of the locél (Fv, Fr) forces and global force

components tans | Frust, Frad ) for a typical radial location along a drill cutgj lip.
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The equations for transforming local oblique cutforces to the global drill coordinates

are:

Ftang: Fn (3.20)
A =&
yirs —ws)
Fehruse = Frcosp+ Fy ———sinp (3.21)
T
9 E]
B ylrs —w=) _
Fraa = Ff ————sinp — Fycosp (3.22)

r 3

Generally, the cutting edges in a drill are curaed not necessarily straight as
shown in Fig. 3.2. Only certain combinations of kiedix angle, point angle and radius of

flute can produce a straight cutting lip.

3.2.2 Chisel Edge Force Model

The majority of the material removed by a drill o from the cutting action of
the cutting lips. In contrast, the chisel edge ptes support during drilling. Cutting
along the chisel edge is not efficient due to duge negative rake angle and the slow
cutting speed near the center of the drill. Thetimgtforces along the chisel edge
typically contribute more than half of the totafukt force, while only contributing a very
small portion of the drilling torque. Although tlohisel edge removes little material, it
plays an important role in providing drill pointetgth to resist lateral bending moments
due to vibration or unbalanced forces during ahrgli

Cutting within the chisel edge region can be tréads equivalent orthogonal
cutting slices. The cutting speed for each slicpedds on the distance from the
centerline. The cutting speed varies from nearlyo z# the center of the drill to its
maximum at the transition with the cutting lip.

For a typical drill with a 118point angle, the rake angle for an orthogonalisect
in the web region is -39 Cutting under such a negative rake angle is dé#ficult to
model with an updated-Lagrangian finite elementriaiation [22]. However, an Eulerian
approach can be successfully applied for orthogeo#ting with large negative rake
angles, as long as the mesh is carefully designed.
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CHAPTER 4 RESULTS ANMALIDATION

4.1 GENERAL

The purpose of the present work is to investightethrust force and torque in
drilling for different drill diameters. An analytt finite element technique, as discussed
in previous chapter, was developed for predictimg thrust force and torque in drilling
with twist drills. The experimental tests were @urout using Drilling Machine using a

High Speed Steel Twist Drill to validate the result

4.2 FEM FORMULATION

The FEM formulation discussed in previous chaptes vapplied to selected
section along the cutting lip to determine thelitigl force. The FEM drilling model is
based on representing the drill point geometry asemes of oblique sections. An
analytical model for oblique cutting was first ustd analyze a single section in the
cutting lip region of the drill. Results of thesecons were then combined to determine
the thrust force and torque for various operatiogditions. The geometry of a typical
twist drill, defined in terms of the key parametdrge helix angle, point angle and web-

thickness as shown in Fig.4.1.

Clearance diameter
Body dia.clearance
Lip relief angle

Figure 4.1 Twist drill with helix angle, point argle and web thickness.

Both the helix angle and point angle affects thesrangle along each cutting lip.
The majority of the material removed by a drill o from the cutting action of the

cutting lips. The chisel edge provides support myirdrilling. Cutting along the chisel
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edge is not efficient due to the large negativeeraikgle and the slow cutting speed near
the center of the drill. The cutting forces alohg thisel edge typically contribute more
than half of the total thrust force, while only ¢taouting a very small portion of the
drilling torque. Although the chisel edge removetel material, it plays an important
role in providing drill point strength to resistéasal bending moments due to vibration or
unbalanced forces during drilling.

Cutting within the chisel edge region can be tréads equivalent orthogonal
cutting slices. The cutting speed for each slicpedds on the distance from the
centerline. The cutting speed varies from nearlyo z# the center of the drill to its
maximum at the transition with the cutting lip.

For a typical drill with a 118° point angle, thé&keaangle for an orthogonal section
in the web region is -59°. The approach discusseatavious chapter can be successfully
applied to orthogonal cutting with large negatiske angles.

Firstly, the mesh was generated with quadrilatetaments using C language.
The mesh generated for orthogonal cutting with@ +ake angle as shown in Fig. 4.2.

Both the workpiece and the cutting tool are incthdethe model.

Figure 4.2 Finite element mesh for a -59° negatwake angle for the web of a drill
with 118° point angle.
In the Finite Element model, five sections wereduserepresent each cutting lip

and four sections were used to model the chiset.eTgble 1 lists the geometry of each

section for a twist drill with a 12.7 mm diamet86° helix angle, 118° point angle drill,
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1.70 mm web thickness and 302 rpm spindle speade&ch section, Table 1 lists the

radial location of the section, the cutting spegepth of cut, width of cut, inclination

angle, rake angle, chip flow angle and effectiieerangle. It can be seen from Table 1

that, from the outer to the inner drill radius, thigective rake angle decreases and the

inclination angle increases for each section whidlicates that the cutting action is

becoming more obliqgue. Throughout the chisel e@ggon, orthogonal conditions are in

effect so that the inclination angle is zero anel thke angle has a large negative value.

For drilling of AISI 1020 steel, the forces for éagection are also shown in Table 1. As

expected, the radial forcEsad is zero in the chisel edge region.

Table 1: Sections of oblique cutting for drilling

r Cutting Depth of | Width | Inclination | Rake | Chip | Effective | Frang | Frad | Frnrus| TOrque,
(mm) | speed, cut, t1 ofcut | angle, i (°) | angle, | flow | rake (N) (N | (N) | Frang-,
v (mm) (mm) @e (°) | angle, | angle, (N-mm)
(mm/s) Mo (%) | e (9)
5.82 183.9 0.051 1.04 7.7 28.3 1 28.2 95.1 | 30.2 | 39.6 554
4.78 151.1 0.051 1.04 8.8 22.3 4 22.9 100 | 329 | 404 476
3.73 118.1 0.051 1.04 11.3 15.1 6 16.0 107 | 36.1 | 43.9 398
2.69 85.1 0.051 1.04 15.7 6.0 11 8.7 118 | 42.0 | 49.3 318
1.63 51.3 0.051 1.04 26.6 -8.6 21 2.0 143 | 57.3 | 57.0 233
0.97 30.5 0.051 0.28 0 -59.0 0 -59.0 35.9 0.0 64.5 34.8
0.69 21.6 0.051 0.28 0 -59.0 0 -59.0 35.9 0.0 64.5 24.8
0.41 13.0 0.051 0.28 0 -59.0 0 -59.0 35.9 0.0 64.5 14.7
0.14 4.3 0.051 0.28 0 -59.0 0 -59.0 35.9 0.0 64.5 5.03

After applying the formulation, the finite elemepredicted principal, vertical and

transverse forces using 0.13 mm/rev feed and 0.88&ancutting speed for five

inclination angles are as shown in Fig. 4.3.
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Figure 4.3 The finite element predicted forces fdive inclination angles

The finite element predicted thrust force in nim#lidg tests i.e., with three drills
with 6.35, 9.53 and 12.7 mm diameters and thred fates of 0.051, 0.076 and 0.102

mm/rev are as shown in Fig.4.4.

1000
900
800

700

600 ///
500 ~4—0.102 mm/rev, FEM
ol / ——0.076 mm/rev, FEM
300

i ~4—0,051 mm/rev, FEM

\

\

Drilling thrust force (N)

200

100
0 .

6 8 10 12 14

Drill diameter (mm)

Figure 4.4 The finite element predicted thrustorces in nine drilling tests
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4.3 EXPERIMENTAL VALIDATION

The drilling tests were performed on a drilling mae using a high speed steel
twist drill with a 30° helix angle and 118° poimgle. The workpiece was an AlSI 1020
steel block. A spindle speed of 302 rpm was uséesé& drills with 6.35, 9.35 and 12.7
mm diameters were used for these feed rates. Fdhaltests, a peizo-electric three
component force dynamometer (Kistler, Type 5070A&swsed to measure the cutting,
drilling forces and torque. The block diagram alavith the actual experimental set up
and peizo-electric three component force dynamam@estler, Type 5070A) are as

shown in Fig. 4.5.

Main Spindle

Motor, -
N I Power Signal Offset

Transducers Device

Feed Drive
f Motor )

Charge [ ] 1

-

Torque Component Amnlifiers
\E‘ in Chuck *-MP )

Dynam mﬁ' P

[ f
Force
Dynamometer

Computer
Data Acquisilion

a

s

(b)
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Figure 4.5 (a) Block Diagram, (b) Equipment setqo

(c) Piezo-electric three-component dynamometer (Kiter, Type 5070A)

The experimental measured principal, vertical aiaddverse forces using 0.13

mm/rev feed and 0.80 m/sec cutting speed for fiatination angles are as shown in Fig.

4.6.
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Figure 4.6 The experimental measured forces foive inclination angles
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The experimental measured thrust force in nindimfyitests i.e., three drills with
6.35, 9.53 and 12.7 mm diameters and three feed cdit0.051, 0.076 and 0.102 mm/rev
are as shown in Fig.4.7.
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300 =

200
100 -
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Drilling thrust force (N)

#—0.051 mm/rev, Exp

Drilldiameter (mm)

Figure 4.7 The experimental measured thrust foreein nine drilling tests

A comparison of the analytical and experimentatésrare shown in Fig. 4.8 and
Fig. 4.9. Very good agreement for the drilling ®savere observed.
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Figure 4.8 The finite element predicted and expéanental forces for five

inclination angles
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Figure 4.9 The finite element predicted and expéanental thrust forces in nine

drilling tests

The cutting force components that comprise thesthfarce are also used to

calculate the torque. Therefore, it is reasonablessume that since good agreement was
found between the analytical and experimental thiarses, good agreement would also

occur between the analytical and experimental ®sqTable 2 shows the comparison

between the analytical and experimental torques.

Table 2: Comparison of predicted and measured thrst force and torque

Drill diameter (mm)

Torque (Nm)

Thrust force (N)

Analytical Experimental Analytical | Experimental
6.35 1.61 1.81 735 775
9.53 3.47 3.51 1040 1070
12.7 6.17 5.88 1380 1440

The good agreement between the measured and pekdiatues for both the

thrust forces and torques further validates théyéinal finite element formulation.




CHAPTER 5 CONCLUSION

5.1 CONCLUSION

An analytical finite element technique was devetbper predicting the thrust
force and torque in drilling with twist drills. Trepproach was based on representing the
cutting forces along the cutting lips as a serieshdique sections. Similarly, cutting in
the chisel region was treated as orthogonal cutinth different cutting speeds
depending upon the radial location. For each sectidinite element model was used and
was combined to determine the overall thrust faand torque. The results were then
validated with the experimental test preformed. €Gagreement between the predicted
and measured forces was found.

The model is applicable to general drill geometriesder different workpiece
material and cutting condition. It can be readibpléed to non-conventional drills other

than standard twist drills as the formulation iddpendent of any specific drill geometry.

5.2 SCOPE FOR FUTURE WORK

The technique can be applied to predict drill tgmperature, which is an
important indicator of drill life. Heat flux fromaeh oblique and orthogonal section can
be determined and then used to calculate the tetyverdistribution throughout the drill.
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