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The Torque-Thrust’ Coupling Effect in Twist Drills and its
Influence on Drill Characteristics and Drilling Forces

¢

‘Narasimha Kramadhati C . ‘ .

w
- \ . . —te

N 4 '
Concordia University, 1988
R " i .- .

The torque-thrust coupling’ effect in twist drills is investigated. , ,.

»

experimentally, and. is found to be a highly prominent phenornenon. A/ . S

»

set . of direct and cross-coupling tiffness coefficients are 'deﬁned‘ and
determined experilnentally. .Couleinteraction increases steeply iNithD hellx
- mgle,’lias a distinct maximym ‘around 28 degrees, and decreases dra.siicully
at . higher values. . For1 drills” of a giver helix angle,’ the interaction‘.
increases parabolically i;ﬁth diumeter. When tested under a.x“1 ramt 3

_clear increase ‘in’ torsional stiffness is observed, owing to the coupling
\ R ,

"interaction - The higher ! the interaction, higher 'will be the ‘\torsiéna‘l

stiffening effect.
Examination of the coupling from a forces. point of view indicates
that significant torque -and thrust forces are mutually induced during .

‘drilling, which’ add up with the cutting. forces. . Therefore .it is erroneous

_to attribute the entire mea.sured torque and thrust forces to metal-cuttmg N

‘ ‘ﬁo-cal]ed sepafatlon equatlons are dernved for dnlls whlch enable the~
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- measured torque and thrust values. -Thrust inducement is inversely

> .

. ’ . 3
proportional . to. drill diameter, whereas
i . - e
N :  proportional.- '
) . - v - ' . ) -, . ;

-~ . ’ »

+  The decaying trepds in the torque and ghrusﬁt signals of pilot hole

o .

V1 illing, are - actually considered to be the gradual ‘telease’ ‘of ‘the induced

- . -

forces. It is shown that the decay magnifudes are predictable using the

¥
e

. ‘ . results .of coupling ‘' experimentation, By iﬁference‘, .the fofce-_induceme\nt

hypothesis” is also verified. The coﬁpling effect and the force-inducement
. , : I

sepax:ation of the true ’cutting* and “the induced components "from the

torque inducement is directly

+ ‘have significant implications to thefstatic -and dynamic‘ characteristics of -

L - I 4
I S 1 S
. ~

A new criterion for sizing ’f)i]gt holes is proposed, based on the

-

I o cutting mechanics in drilling. It is shown by drilling tests that sizing
', pilot Holes. by this criterion improves the roundness of the final holes
* gignificantly. "“Accordingly, a set of recommended pilot‘ hole diameters 1is
. presentéd for common drill sizes. S
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CHAPTER 1 —
. \ ", < . )
INTRODUCTION
- " . ‘ | \\\ ' ° | ) r . \‘:

, Since pre-historic times_man has faced the necessity of forming holes
in the materials he used. The earliest known form of the drill consisted

of a sharp @plece of (fone mounted at the tip of a wooden shaft. The . =

'tpol was spun ‘either by the palms of the hands or by means of a bow
{ .

string, and forced down into the work nmaterial.

- D»

? [

'TOQay hole production is. the most common™ of all machininé

-

-operations,” and drilling is the most widely used technique for thé purpose.

4

Drilling is itself a family of processes, classified by the type of téol used. %

The choice of -a specific process depends %bn ‘the requirements such as
. . N :
hole-depth, diameter, tolerances, surface quality etc. Amongst: the: various

methods, drilling with twist drills is the most widely employed
. hole-machining operation [6]. This investigation conceris exclusively with

X

twist drilling,‘ hencefqrtix referred to as drilling. : ’ _ ’
1.1 The Twist Drill L

.. Twist drills are unique amongst’ all metal '_cutting tools, both -in theirt '
geometry and their m;atﬁod of "operation. Fi,gure 1.1 describes the salient
geometricafl _features of a standard twist drill. ' The .shank portion is for
grippiné ‘the- drill in the m'achi'm; tool and the ‘body’ is the workix;g.'

- - N
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portion of the drill. The most prominent feature- of the drill body is - the
double helical. flutes which allow the formation of the two cutting lips at
their intersection with the conical point surfaces.~ _The cutting lips are

‘ .seen tq be straight edges in all.drill specifications. Such a condition

occurs only for pre-determined combinations of the.flute contour, lead of

the helix and the péifﬁr angle. Thus on a given drill, if the point angle -

e

. Vet L3 . ., ' . ~ .
is changed, the cutting>-edges become either concave or convex. The rake

\

angle and clearance angles on the cutting lips vary widely from near the

»

web towards the drill periphery. . ) Is

]

The distance between the straight -cutting edges,, called the web

thickness, is neécessary to “protect the drill point.and stiffen the drill. ‘The

>
)

web thickness increases towards .the shank along the body.- The *‘chisel

" ]

edge’, formed by the intersection of the two conical surfaces at the web,
acts as a secondary cutting edge.

v

‘In order to reduce the frictional forces between the drill and “the

hole, the drill diameter is decreased over a portion of its circumfefence

a

““leaving a short ‘margin’ ‘at the full diameter to support .t}'xfa drill body

. b

against the 'hole surface. Tle entire drill body is givex‘;‘ a slight taper

towards the shank, to give a further clearance (18]. )
A

vy
~

Although the outward appearance of the twist Erill has not changed
for over 60 yeass, major' improvements have come about in the point

geometries.  Numerous special-purpose drills have ‘also been deYeloped.

»
»

Al
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This ha; resulted in improved accuracy and productivity in drilling. A

N A
more detailed examination of the cutting angles is presented in chapter 4.

- & e

1.2 Drilling Process “ ) . ‘
f { . ‘ c"

The cutting mechanics of a twist drill are unique amongst all metal

%
L4 ~oe -

cutting tools. ~The cutting velocity developed by the rotation of the tool
“(with respect to the workpiece) varies widely among the <-:utting regic;ns,
starting wifh ze;'o at t};e centre and incr;aasinvg linearly to a -maximum at
ghey periphgryk This, and the variation of the cutting angles together

'produce vastly differing cutting mechanics - From a severe, extrusion type

~ “

of pi‘ocesq at the centre, to normal lathe-fool like cutting, at the

N S

-

\

}ﬁeriphgry.
* As the rotating drill is fed into the work materia.l;' the chips

a

’ :
. prodyced are rémoved from-the cutting region by the pumping action of
the helical flutes. The chips traverse—the flites and_are ejected at the
" , holemouth. The ‘following virtues are aitributed to the twist drilling

‘process :

- N
»
A}
-

i) It isa remarkably simple Brocess "to generate circular holes.

£ 1

ii) A very simple machine tool is sufficient for the purpose. In the

simplest, a hand-drill can’ be used. In geﬂeral, almost any machine

) __ tool- that can give a relative rotation \bet;veen the drill and the

»

workpiece, can be used for drilling.

)

b M , . N

N
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. i) A wide ‘range of work mateMals can be drilled with a standard twist

drill. And with modifications to .'t.he drill . point, tough work materials
) , —t
can also be drilled..

iv) Tool maintenance is relativély simple - a limited ‘'amount of skill is

sufficient to regrind' drills.
4

A

However, numerous drawbacks are also associated with drilling, mostly--

..-owing to the geometrical. characteristics of a twist drill :

-

i) The cutting takes place in an inaccessible region, preventing proper

l}xbrication.’ This results in poor cut‘ting conditions, tool over-heating,

<

a

etc.

\r
. Yy e

ii) - Chip removal is inefficient at best, requiring frequent withdrawal of

= the drill to un-clog the chips along the flutes. This limits the

maximum depths, reachable, and the productivity of the process.
3

ili) The fooly is inherently slender, and the severe cutting process imposes

“large fo? js on the drill-tip, léading to undesirable tool-deflection and
. § : . . .

_ vibration,}| in turn resulting in poor—quualiti ~ofw_ holes. This
characteristic, also imposes limits .on the maximum metal-remgwval rate

possible.

T ‘Q
. , o

iv) Tool-life is relatively low” (particularly with tough work 'materialﬂ):,

nécessita,j:ifxg frequent tool grinding. .

- L g

L0
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Although relatively ;.ccurate holes can- be machined with a standard

/ — - Al ) \"’ . ¢
twist drill, the above factors -make twist drilling in = general, a mere -

'

prehmmary operation. _ If holes require hxghe§ accuracy and surface fimsh

‘further- processmg such as rea.mmg, bormg, etc., is requlred The depth of

I 4

iameter of the drill.

\

“holes is commonly hmlted to ﬁve or six times the

-

u[ O \“ - .
.- survey was carried ‘out and is presented below.
’ ‘- » ! - . . N
1.3 Literature Survey' -’ R ;

-

~

, : . \
A vast amount of literature is available on ‘research related to the

*

.
“ ‘e

twist drilling proces‘s and the tool.- Most ‘of . the ea.rliér " research is

.

dedlcated to reﬁmng the conical point geometry\ and studying the effects of

[\

the vanous process variables. Much of * the- knowledge has f:ome about
A

([from actual \érlllmg pract ce and expenmental research work. Among the
o / .

prominent (past and present) research areas are; tool—life\ of 'drills,

performance stuq?' of coated drills, and the development of newer pomt

% o~ ’
geometrles and their grinding methods. -Also, a substantxal research_
- 4 ?, .-/ . '~ \ 3 -
interest has been and continues to be directed at developing a theoretical
. P '

’

cutting mechanics model and a means of predicting thé forces in drilling.
. ’ d . ’ . . . . . 4
m /- ‘l V - ‘ - a
Lorenz\‘ [9] reports the ﬁnm_ of a previous investigator that the
resistance of ‘a twisted profile to loading is about 85 percent higher than

an untwisted bar of the same profile. ™He also/notes that the torque tries

.
.

- 0 L

-
ot
A
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to reduce the twist by unwinding the profile, which is counteracted by an
increasing thrust. And it is construed that .drills with a lé:get i’telin; angle

may not have been used efficiently due to the ineffective thrust provided

by the apphed feed.. From his own experunents, Lorenz concludes that an

N

increase in helix angle ' (from 25 degrees) increases drill life dmmatlcally,

peaks at 40 degrees and then decreases.

De Beer [8] carried out an experimental investigation on the effect “of
web thlckness on the rxgldlty a.nd drxll leeo It is shown that a decrease

of web thlckness does not necessarlly weaken a drill (torsmna]ly), nor does
. P
an 1ni:_rease result in unconditional increase of rigidity. Ra.t.her, the Way in

which the web- thickness is \Shaqged' , affects rlg\l&gx\- A localized thinning

v

near the web has.minimal: effect on drill rigidity, but if web thickness is

reduced by moving . the two flute ,',\bon’ndé,rigs together, rigidity .reduces
drastically. * Similar to .the, observations of Lox:enz. 19], it is noted that
N . t . ° ¢

‘torsion of the éril] affects its length and conversely, axial force Icauses a

o

[

twist on the fluted portion. The author reports sorne prevxous research

which defines the so-called Maxwell’s influence coefficients, rélating the-

- KY

torsional and axial aeforx'nations, with loading. It is shown that decfea\ging

the web thickness increases the interaction between the-two ' deformations. '

»

"The author’s .experiments indicate .that thin webs "do not unconditionally

—-—— ‘} ‘'
impair drill life. . , - ! . o

¢ B B} .
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A more . detailed study of the “influence of cross-section profiles' on

L

drill' ‘static and dynamic ‘_ch',arac‘teristics, .was conducted by Spur and
‘Mz;.suhy (10]. In general, profile design is a compromise between chip-flow

area and torsional rigidity. It is shown that the distribution of .the area

rather than just its magnitude, has a significant effect on the torsional

stiffness. Concentration of the area to be more at the periphery (ﬁt a  —

large . radius) increases the second mioment of area, inc‘reasing the torsional k
stiffness. Conversely, distributing the area more . near the ‘centre

* R . \‘ ) '
(thickening the’/ web) can actually' result in lowér stiffness. In changing

the ‘stiffness, the profile design ‘also affects the natural frequency of

.

vibration.. Helix angle is also seen to affect the dypamic behaviour* of

drills - Decreasing the helix angle increases the | natural frequency.

Ano‘ther, unique form of vibration is. also observed.- It consists of high
. L ) - ' . . . Y <

frequency : torsional’ vibrations which give rise to synchrorf®us longitudinal

wvibrations in phase with ‘the torsional omes. The'characteristic form of the

drill 'is sugges/te-d*as the cause of sug:li vibrations. . ~
’ . . . : ~ . "‘ ‘! . , 5 e
Kahng -apd Ham [20] studied the hole quality -after twist drilling, and ~

its effect‘ on t'subsgquent“hole-ﬁnishi;xg operations. - It is ,‘no;ed that‘.‘ l;lge\ ' .
 force d‘ifferer’xces resulltin.g‘ from the asymmetric ,i:u?;ting 'action on ‘the two™ - ; /./.
l;ps, ‘cause ?he' dr{ll to bend and in turn.cause roundness and pa‘.rali‘qlisx‘n " i
erro;s‘ of the txpie. The authors refer .to a ‘prgvi;'ms investjgation which
demonstrates  the rela‘tionship —between rt'zdial forces and qversized hole .

— o~ -

geometry. It is found 'that i:he‘magnitude of the radial forces is related -

w >
\, . N



)

&

- . [+ K] [ N

to the degree of stability in drillin'g: Another previous study is quoted,.

L)

which st}gdie's' " the roundness error of drilled holes., Experiments. are

conc'luét.ed‘ with a;‘12.7 mm . diameter &rill having a 2 mm chjsel-edge

. drfilling w‘i.Qh 2 smaller pilot hole results .in a pentagonal hole- with 2

-,

‘maximum roundpess error of -120 um. W(herea.é a larger pilot hole (6.5

error (60 um). Centering prior to drilling, 'prqduced holes of higher

quality, -than 'without it. [ , .
. ~ .\m 8 .- . .
Sakuma et, al. [22], studied hole-accuracy in view of drill rigidity
Y # - : .

. and point geometry. The positional deviation of the hole (rup-out) from

the true ‘axis seems mostly to be determined at “the beginning of

[

P
]

’ mm)' causes- the final hole to be nonagonal with a much lower roundness

penetration. Feed method has a 'c;lear influence bn the run-out, Drilling '

with a 2-step feed method (initiating at a low feed and then increasing to
ﬂ-‘ 1

. high feed) significantly reduces ' the run-out of the hole, compared to

aﬁ){{ng at high feed throughout.: The feed method has a sltmla.r effect on

.
~ * N . ]

'roundness ‘error -of the thole.'.

’ ——
X

[ N

Chythil [5] studied the nature of the dynamic components of- torque

and £hrust forces in drilling. * The” results of his statistical analysis show

~
4

that —dynamic fluctuations of torque and thrust forces in drilling are

stationary random processes with a Gaussiait density function.

- 3

Gallowa.y [14] conducted an extenslve experimental mvestlga.t.non into

varions factors that m‘fltynw drill performance A detailed discussion of
o \ .

\

3

\

v
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- ? . . .
relevant portions of his results is_presented in chapter 3 (section 3.8.1).

5

Ogcforc/l‘ [19] studied the basic cutting mechanics in the various cutting

’

regions' of ‘a twist drill throu"gh his experimental mvestlgatxon He also
‘attemp,ted a relatlonshnp between the cuttmg geometry and the mechanics

of metal removal. - : ‘\

. .Shaw and Oxford [15] developed - empirical equations to predict torque

.and thrust forces in drilling, 'ba.sed on a dimensional approach. - Following

extensive experimental measurement of ‘forces, equations - have been.

developed to compute the forces from. thé tool, materials and process

parameters given.

-

.The ‘theoretical mode]lmg of the cutting mechamcs in, dnllmg has

,

been and contmues to be the focus of numerous mvestlgatxons Notable )

among earlier researchers, Pal.et al. [23] modelled the cuttmg mecha.mcs.
Their model avoxded., the chxsel—edge region due -to its . complexlty, and
consndered only the cuttmg lips. Relatxons» are: developed between the

. various tool, materials and process variables, to obtain an exp'ression to

-

~compute the terque, . in drilling. The results are compared to the

' experimental force measurements. Williams [24], and Wiriyacosol * and"

L 9 . . *
. Armarego [25] have attempted a complete model to predict torque as. well
as thrust, including cutting in the chisel-edge region. The former

e

researcher takes into consideration the feed velocity and the resulti‘ng" .

Y «

- w
LN

»

dynamic cutting geometry. .More recently, Watson [26] has attempted the

s .
. .
s "
. . .
. , .
s a«
.
. w *
°

-~

!
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’

”

" theoretical prediction of torque and. thrust’ fox'cesLl A thorough' model is

deveiopéd separately for the chisel-edge region "and tle ‘lips, aﬂd later

integrated. . NN

. A
»All of the _theoretical models mentioned abave, give reasonably

accurate estimates of the forces in drilling. However, their success is .

N ~

b . . :
limifed to specific work materials. © The models are not aimenable to -
”

— N

baramet::ic studies regarding\"tool geometry or process parameters _other

than feed and speed. Above all, they are concerned only ‘with the static '

. . )
components of thé forces. !

. . ..
" , v

1.4 ' Objectives of this Investigation

~

describéd in- previous sections. Its features have been developed and -

* v

refined over a long period of time. Yet many of these feometricil

features which have long been standardized, are designed ‘md{ely‘ for
functionality.  Their - potential effects on drill performance are  barely

understood. No clear reasoning is seen for the existence agd Jor the .design '

of some of the drill features. Most research found oh these features are"’

mere parametric studies to obtain certain" apparently optimal performance.
»o) ) :

The helical flutes of a  drill constitute one such design 'featu‘re,whiéil

warrants* a closer examination. Thus the objectives of this investigation

are as follows :

-

s

_!‘he geometrical features of twist drills are . complex and unique as -
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L An investigation - of tfge torque-thrust coupling effect.” .
Co ' T
- A thorough uriderstanding of the interactions .

- Determine the\effect of helix angle on this coupling interaction
b ‘ i
- - Study the variation of the interaction with sucl parameters- as drill

_diameter, fluted length in torsion etc. Co /

o

P
.
-

II. "A study of the influence of torque-thrust coupling on dFills and
drilling - , .o
’ , . ‘ ) AN '

... - Investigation of the torsi6nal stiffening due to coupling’ ..
- Study of the coupling effect from a forces point of view
' Possible’ effects of coupling on drilling forces and drill- behaviour
‘ - . . \ ~ i

o .
T . V\
III. An investigation of the effect of pilot hole size on hole quality

[N

) v w h . ) ﬂ \ i "' ’ ‘
. - N h‘ ) . ‘?
- Study of the cutting mechanics and ' its -effect on forces .
¥ ) ' Cor. - .

-.Proposal of a new criterion fof\éizing‘ pilat holes
¢ > P .

hY

- *

1.5 A Brief Outline of the : Thesis -

.

-

Chapter 2 "presents a thorough analysis of the torque-thrust coupling
effect in twist drills.. The experimentation conducted to determine the
. : R -
various stiffness coefficients is described. The results ar’e, analyzed for the

effect of helix angle on the coupling effect, and in turn its influence on

'tlhe torsional stiffness of the drill.
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”
) .

Ch‘apter 3 studies the coupling effect from forces point of view.
The effect of. coupling on drilling forces is explored; a set of equations
are defivej to ‘separate ,Jhe true and induced: forces i} ‘drilling.  The

possible effecfs: of torque—@hrust coupling on d}i]l dynamic behaviour. is also
~ ' '
t

- ~

Chapter 4 presents an analysis of pilot hole drilling. The effect of

. )

A
pilot hole size on the quality of the final hole, is studied from a cutting

ntechanics point of view. DBased on the analysis, a new criterion is

proposed for sizing i)ilot holes. A, -~

»

Chapter 5 describes in detail the instrumentation, the jglmat.‘und
design of the drilling experiments conducted. for the ir‘wéstigation. Th.e
design of the dynamometer to measuré drilling forces, iamd a détailed
description of its static a.nci dynami‘c ca.libratign 'pi‘dcedure is also

presented.

y
Chapter 6 contains the data reduction, analysis and detailed

discussion of the results from the drilling experiments, in the light of the

various objectives of the investigation. - Mainly, the static components of .

torque, and thrust, and the dynamic compomnents of torque, thrust and the

3

radial forces are analyzed. From the analysis, the various static and

iy

dynamic effects of toupling, predicted in chapter 3 are verified. Hole’

& *
quality measurements (in terms of roundness error) are also presented to

evalunate the pilot hole sizing criterion proposed in ‘chapter 4.

X

-

“

3
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Chapter 7 presents an overall summary of the conclusions arising
from this investigation. @ With relevance . to the findings of this
- * investigation, rumerous aspects that warrant further study are suggested \
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axial . force winds the drill and tension unwinds. it. In_comparlson* a

- prismatic bar contracts regardless of the direction of twist 'applied.'

(A

~ ' . . CHAPTER 2 .°

’ L |
PR . 4 '_"
- e

THE TORQUE—TH,RUST COUPLING EFFECT
IN TWIST DRILLS

' ° ‘

P
-

[ . . -"_ ’

Froin the \twistedl appearanice of its body, it _is appafent to one’;_
mtultlon that a -drill behavgs sxr;nlar to 2 rubber 'band whxch when
twisted several turns, pulls ‘on 1tself a.nd contracts. I: drllls “this -
behavnour can be vxsuahzed to b’e l)i-directional as shown in-'ﬁgure él

v

That is, applymg a twist in the dlrectxon of cutting torque will tend to

'

‘unwind’ the 'helix,l\ increasing the, drill lengtH and an opposite twist -will
- * . -

‘wind’ .the helix to coh;rat_:t the drill. Conversely, applymg a compressive

LY
& -

Y

The above mtuxtxve observation has been made by many eprher ‘

“

reseatrchers 18 9, 10, 11] Among tltem, De _Beer (8] refers to an e&rher
3 ‘ ‘

. 'res'éaroher and defines fhe so called Maxwell’s influence coefficients, oy as

. 4
i
s

follows,

~ R ' ) . »

e
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Figure . 2.1 Schematic il[uétfation of the coupling effect. -
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where .
. € = shortening of -the drill ’
.0 = angle of twist ‘ s \
F = axial thrust f(‘>rce )
T = torque . | = | | s .
a. = Maxwell’s influence coefficients - v I

y

[ ® ’

Figure 2.2 shows the impligit de'ﬁnitions of positive direcfions of all
quantitit;s, ‘consequen'tly the coefficient; ’&ijl are all ‘positive. The
cross-coupling’ between torque a#d thrust {or twist and axial stra..in) is
synimetric and so, o, and oy, ha\ve the same magnitude. 'Values of o

have been determined experimentally for drills of various web thicknesses

. " ‘
~and it is shown [8] that ‘decreasing thé web thickness increases the

interaction between twist and axial strain.
.
4

»

. Theoretical treatment oflthe general to;)ic ‘of twisted bars has been
attempt;ad by Rosen [12]. A set of equations that describe the'nonlinear
deformation of initially twisted- ’bar,s _under the simultaneous influence of
torque and tension force are derived. The "theory is verified for thin

i - N ‘ by
metal strips of symmetrical® cross sections with a slight initial twist and

“small applied deformations. N

- v (S

b’

Hawever, the nature of - twist drill geometry stifles such an analytical

-
®

approach. The cross ‘section ‘profile of a standard drill is anti-symmetric,



Figure 2.2 | The coupling éffect.
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T Kﬁ. = Axial, stiffness 'under torsional restrairit

\ ) \ ) 19- - .o +
w

and it varies significantly due to \‘the increasing web ‘thi‘cknesé along the
" fluted portion. The~ﬂul}ed portion ié thoreugh!y~ non—prisniatic due to the
‘large helix“ angle, and:- the entire body ha.g a taper towards the shank. An
analytical static deformation model obtained in spite of these “coxhplenjcities

- . o .
would not lend itself to a parametric study. Therefore an experimental

approach has been resorted to in the present investigation.

' i

2.1 Form4t and Design’ of Experimentation

. * |

Accurate measurement of the static -deformations "(twist angle and
/ . . " »‘ - N

axial strain) of a drill “under loading is « impractical.  Therefore - the

a >

eonverse approach is taken, that is, metered values of twist’ §nd axial

o

strain are applied, measuring the torqti;e and thrust rea,ctions) produced by .

. : . y ,
the drill. For this purpose, a set of ‘coupling stiffness coefficients’ “are

’

defined as follows . :
’ ) ' (\‘ ‘ \9
» , . N \“
‘ F Ke K € n
3 = < . y. ot \'(2.2) 5" 90 - \
' 1-T- K, K o T

'“th = Torque-on~thrust coupling stiffness Lt
. 4 F) - N . L . ) .
! Kft' = Thrust-on-torque coupling stiffness: = ° , . . '
/ ", S )
K, = Torsional stiffness under axial restraint . ) ‘
- o P ¢ * - -
L . ) * |
’ .- : ’ ) 2/ 13 ! F
‘ o & ' - |
. - r ’ .
. \ ’ o o / . 3 Q
ey i - .
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. It can be easily seen that the matrix of coefficients in equation 2.2 is_
.8 R r . : ) ~ .
the exact inverse of that in equation 2.1. The cross-coupling coefficients

H
- . i . . L -
s

. ‘;(ft a}1d K,  are of e;qual magnitudes.

S \ a ~ N\, N > \

Three types of- experiments are perfo'rlgeg to determine the various

- a i
. - 1’ ’ <
stiffness coefficients. o . e
. ~ . N o .
Type 1. ...  Pure torsion, experiments: . ) '

}l‘ype IL - ' _Torque-/on-thi'u%st coupling experiments to find K, and K,

%,

Type. III, Thrust-on-torque coupling experiments to find Kft and K
N . . . ‘ , -, - B
. R . oy N . . ’ ' ' ,‘,’
The type I experiments are dgne by applying positive twist (ﬁgux;e I
2.2) at ‘the point end and measurifig the torque ,En’the‘drill, alloyyingjfree

axial expansion. Tim'_slope of the torque yérsus twist graph is ghe simple

. T e ! @ . . R ~ - . .
torsional stiffness- of the drill. The tarque-on-thrust coupling experiments

(type II) involve applying ‘a positive twist,“\measuring‘ both torque and the *
i .~ - \ 1

— « - ¢

thrust qreaction- induced by rigidly restraining the axial expansion. The ‘ .

slope of the twist versus thrust graph is the stiffness caefficient K.p and
that of twist versus torque is K., For the thrust-on-torque experiments . - .

TR °

3 . . e
(type ‘III), compressive axial: strain is applied,” measuring thrust and the-
torque re;ac,tion induced by keeping the drill, rotationally restrained. -~ . e
. . " N o ) N \

Table 2.1 shows the various drills used and their sp(;ciﬁcations.' The

\

conical point on the drills are removed and made flat-faced, also flats are

* . . . . . ) \
ground on either rake-face. ' These\modiﬁca.tioné ‘are madé to adapt the

. \ L ) ,’ . ) ;\ . ' . ; ' . . ) . \
o SR \ . o o - v

B - \ _ .o -
- . . [\\‘\ . ”
2 . ! ' :\



- Table 2.1

. . v 21 oy
) . o 4
o . M \ ’ . hd .
“ B ¢ —t . ¢ ' : ' . " .
o, . . R ) - Lzl] 3 :W;E/:w«'
Specifications of drills .used and expefimental parameters.

- wb ¢ ., . e

Oril1 | Helix  |web. Lead |peripheral fcage Length|Fluted Length| .

Size.- type Thickness]inch (\mm) heiix anglelin loading | in lqading
. inch {mm) (deg] finch (mm)" | {nch {mm) .

" |regular (RH)| 0.075~1" 2.441 32.76 5.472 4,409

12" . (1.905) | ( 62) ‘ (139) (112) .
High”  (WH)| --do-- | i.969 | st.ae 5,433 | . 4331 .

. | (50) . (138) “ (110).
Low - (LH)| 0,061 | 5.118 | 14.0 ' 3.976 3,228
y (1.549) | £130) . (101) ~] {82 .
13/32" | Regular (RH)] *--do-2| 2.047 | 31,94 [ -edo-: .| 3,622
. 1 s ) : 1 s -
CIwigh o ()| --dos- |* 1.658. ) 37.65. | --go-- *3,268 o
/ . e ' ( 42) ,,_ . A . ( 83) i N
" Jeow )| 0.0s8 | 5.1 | 12:96 3740, | .28
' ) (1.473) | (130) ¢95) |.‘(82) -

3/8" |Regular (RH}{ --do-- | 1.850 [ 32.49 |- 3.68 3.661 s
1 T {an . {93 ( 93) Y
ntgh . (wiy| --do-- |.1.575 | 36.80 3.622 3,543

» ' (40) |- T 9e) ( 90} .
Low - (LH}| o0.048 | 3.228 .67 2,795 | . 2.244 :
. lhmae ] (82 ~ (M (sn_ |
e N A . “e

1/4* |Regular (RH)| -2do-- | 1.260 | - 31.94 2756 2.677 ¥
: : ("32) ('70) (68) |
Wgh - ()| --do-- | 1.102 | 35.48 |- 2.795 --do-~ o
: \ .| (a8 ¢ ‘

- { t i
"0‘ [ ’ '
N . \ “ .. ’ .
» ) . .‘ 1
. ) \ . [ “ M ; R .
A * <, . (Y '
"] - L'

-

”
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and fluted ‘lengths used are listed in table 2.1.° Th@ deformations applied

v | ‘ AN
- .

point‘ ends, for the special grippin‘g fixture ‘design'ed for the experiments.

L 4

-

5'2’ Experlmental set-up o S

= ¢ . .
. - &

The experiments are ‘carried out on an Instron model 1125

tension/compression cum torsion testing machine. For torsion tests vertical,

movement of the cross-head is prevented, whence, the main’ drive" spindle

-

gives rotation to the lower sa.rr_lp]eholding fixture. :A wide. choice of twist ,

and compression rates- are available..~"The present experiments were done
b * .

\ ‘!\ 4
at a torsion rate of 3.6 degrees per minute.-

VY

.For pure torsxon experlments (ﬁgure 23) the grlppmg{ ﬁxture is

. connected to the main spindle through a sprmg—loaded chuck ﬁxture "This

allows the fme .axw.l |expansxon of the sample‘whxle applymg torsxon The

- ~

stram gage load cell above the :upper chuck réa.ds torsion a.nd dnves the

- -~

_ plotter attached.” : ' ) N

ﬂe torque-on-thrust a.nd thrust-on-torqne couplmg experxments are

5!

carried out wnth the: gnppmg ﬁxture connected to the spmdle through a

plezoquartz load ~cell (sztler 9271A) which measures both torque. and

thrust (ﬁgure 2.4): A Philips X-Y-T chart recorder is used to plot the

torque and thrust signals simultaneously with respect to time.

»
3

The three types of experiments were carried out on all the drills,
) -

keeping a constant gage length fpr*a‘ given dtill type.. The gagtee‘ngths

]

= . \ . ‘ *
.
: 3 N N
. .
- f
v - .

<
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N :
, .
were within -their elastic limits for the drill.-
) Y
2.3 Resiilts and Parametric Analysis . . CL

' | ' A “ \ ' B . «
" From the raw ' experimental graphs it is seen that the static

/

. i)ehaviour of the drills is highly. linear. Some small .irregularities resulted
at the béginning of these plots‘ due to the clearances at the gripper,

voltage residues in the charge 'an:'\pliﬁer, etc.. For this reason the

load-deflection’ graphs” were reconstructed with the data from the original

graphs. 4 . o

© o,

TN

. T .
Figures 2.5, 2.6, and 2.7 are a few. edamples ‘of' the recapstructed

grapﬁs, showing the effect of helix "angle on the static characteristics of

drills.  Notable among these grapi’xs is the induced thrust versus twist

-

behaviour. In' figure 2.5b, a 1/4-inch diameter drill twisted through 7 to
.8 degfees' shows an .induced thrust:of 200 pounds.‘ This is ‘a signiﬂca.nt.
e value considering the drill size.‘ The values are 'quglly dramatic for the

other sies tested. The slopes of these graphs are the corresponding

- .

stiffness coefficients. The units used for' the stiffness cdga'fﬁciex{ts are meant

for an -easy.'comprehension of the resulfg.

Y .

N . _
2.8:1 . Effect. of Fluted lehgth/Gage length - | a N
On drills of several sizes. and.types, type ‘I and type 1 ‘experiments

were repeated with an increased- shank length under torsion (same fluted .
. : ‘ . . ' ,

length). The stiffness coefficients from the two trials compated better

. . .
. . e -
. . |l
.o, P
* .
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A

when normalized with respect to the fluted length, than if gage length

-
§

were used. Therefore throughout these - results (ini:luding type iII /
experiments) the applied deformations (and thus the stiffness coefficients)

have been normalized with respéct to the fluted lengths listed in table 2.1.

LN
LN

3 - \

2.3.2 Effect of pre-load . o .

. wTo test the influence of axial pre-loa.;i,- -some of the type II

experiments were’ repeated with various values of axial pre-load‘_‘a._ppliéd

before beginning tprsion.' Sim#arly, several type III exf)’eriments were done

. . ' ' : B
with a torsional pre-load. Contrar}’r to one’s expectation of a stiffening

v ]

trend, the coupling stiffness “coefficients are unaffected by pre-loading as ’

S

. | . % J ‘ p . . *
. seen \m the numerical examples of Table 2.2.  If, the coefficients were of

an increasing nature’ with pre-load, the graphs of twist versus thrust and

.axial strain versus torque would. be polynomials with, monofonously

~

increasing slopes. Highly linear trends are oBgerved instead (ﬁgure& 2.6b .

2nd 2.7b), leading to the conclusion that pre-load does not affect the ‘

sk,

3

static behaviour of -drills. ; ‘ 3

<

The stiffness coefficients of the x"a.rious drills tésted are listed in table a
"2.3." As mentioned earlier, the t’wo coefficients K;f a.n:i Kft tshb,l’lld | have
the same magnitudes. - But as seen in the table ‘of va,lues,‘ they differ
signiﬁqantiy in so.me experim)ents. These differences may be entirely dué'

to experimental factors, especially in type III experiments. The clearances,

"7 in. the gripping fixture, insufficient torsional restraint,. unevenness of the

3
s
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Table 2.2 _ Effect of pre-load on K, and Kﬂ'.l‘ls
- 4 . L4
Dril1 | Helix | Axial Preload R Keg - Torsional Kes
Size type 1bs (N) -in_ (N-m) re-1oad " b .
s l?-rl-— (Fsa) |. p Ab=in (Nem)
5 . © Yhedn (N-m)
Regular R 1.72 x 10% 0 1.77 x 10
(222.5) - (1948.1) . (2004.7)
1/2" 25 .o 15 104 18.3 1.90- x 104,
(111.3) .. (1914.1) (2.07) {2151.9)
c-3 ‘x|
» | (155.8) [N\ (1936.8)
o |13/32¢] Regurar | 25 9300 - .-
3  G1.3) [1053.3) of -
40 - 1.04 x 104 - --
(178.0) (1177.9) ,
Low 5 3867 T - .-
A (22.3) (438.0)
15 " 364 -- --
1 (66.8) {412.4) *
3/8 A
< | Regular 35 8800 0 1.14 x 10
" (155.8) (996.7) (1291.2) -
) 25 9397 5.5 1.19 x 10
- sy (1064.3) (0.623) (1347.8)
“{ Regular 25 3521 0 2843
(111.3) + | (399.5) (321.8)
. . 10 3541 4.0 . %16
~ . (44.5) ,1801.1) (0.453) (33,4
/4 r '
| High 15 2999
C (66.8) (339.7) e )
4\' r . )
«| . a5 3038 - .-
. b, (200.3) , (388,1)
" AY . v )
,4 ! "R s .

e
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Table 2.3 . Experimental results : Stiffness coefficnepts.l l
. r ! ‘ ' )
~ {
Drﬂ"l Helix K" th Kft th :
Size | type 15(N) ."1",;%2 (%‘g%) 1b-tn (N-m) “-"-b};%- (!-,1'%3)
*| Regular.| 5.5 x 105 | 1.69 x 20 | 1.77 x120% | 19424
i/z' { (2.47 x 108) | "(1.91 x 103) (2.0 x 103) | (0.559)
High 4.57 x 105 | 1.48x10% | 1.38 x 10 | 150.46
(2.04 x 106) (1.68 km’)) (1.56 x 103) | - (0.433)
Low 4.98 x 105 4540 5813 ~ 45.51
: (2.22 x 106) (514.2) (658.4) (0.131)
b - L)
13/32" | Regular | 5.4 x 10% 1.04 x 10% 1.42 x 10% 79.59
(2.41 x 10€) | (1.18 x 10%)| (1.6% k 3103) | (0.229)°
High 4.2 x-108 8642 12000 . 8.2
(1.88 x 106) (978.8) (1359.1) {0.165)
Low 4.68 x 10° 3867 4724 . 34.6
(2.09 x 106) (437.9) - (535,0) (0.100)
38" | Regutar | 4:99 x 105 '| 8474 1.14 x 10% 62.45
. (2.23 x 106) |  (959.8) (1.29 x 10%) | (0.180)
" | High 4.05 x 105 6755 .07 , | -50.67
(1.81 x 106) (765.1) - ; (B00.) (0.146)
+| Low 2.15 x 10% 1642 1339 . 6.69
(0.96 x 106) (185.9)" (151.7) {0.019)
1/4* -| Regular | 2,74 x 10 3527 2841 13.21
(1,22 x 10%) (399.5) (321.8} (0.038)
High 2.39 x 10% 2999 1658 11.04
o (1.07, x 108) (339.7) (187.8) (0.032)
[) * 4 N *
{
. R o - . ' 3
~N A ; . ) ’\_ =
A} , n" . ' "
- ", <
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flat-face on the point end, amd eccentricity of loading are some of the

possible sources of error. However, the results’ of tyne II and type III
. . .

experiments exhibit qualitative consistency as shown further. For

-

numerical purposes however, the Ky " valyes -{obtained by type II .

!
experiments) will be taken as the correct cross-coupling coefficients for' the

drills.
¥ “\

N
[l

v In ‘order to in'vestigate "the influence of helix angle, the stifiness

s, - .
coefficients are plotted against the peripheral helix angles of the respective

drills, and the results are discussed below. Co-

2.4 Effect of Helix Angle on Cross Coupling Interaction

—— -

Figure 2.8 illustrates the profound influence that helix angle has on
the torque-thrust coupling in}:eraction as measured by the coupling
coefficiépt’ K, The value of K. increases ‘between. a low ;helix type and
a regular helix type of drill, and then again decreases fof a high helix

drill. © Thus the coupling interaction exhibits a distinctly defined maximum

L . 2

with respect té helix angle. " From she, graphs this ‘optimum’ helix angle
appéars to be around 28 degrees. It'is interesting Ebnote that this
optimum helix angle is lower than those of the drills most commonly used

(regular helix; 32 degrees). However more tests with a larger  choice of
- :

helix angles areé necessary to confirm the exact value of this optimum. -

4

‘Also notable is the drastic decrease of the coupling coefficients away from

4

the optimum helix angle.

s

/N
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The extrapolation of the curves (figure 2.8) -to very small helix angles

32 -
i

indicates a change of ,&ign for K, values. This is consistent with the
. % . - 7 Q

actual behaviour of prisiatic members, which contragt under torsion,
Pfodﬁcing tensile Yeaction forces, The cbeff'w eaches zero at a

helix angle of~about 10 degrees in -all drills.. o E : \
- i .

(A v s : )
The/ .effect of helix angle”on the thrust-‘on-torql}he intiraction as

measured by the coupling coefficient K, was also in,vestiéatea. Figure 2.9

N

. is  the plot of K, against helix angle, and it. illuétrates.,qualitative

"has a slistinci maximum around a helix angle of 28 degrees; with a

éonsistency ‘with the graph in figure 2.8. That is, the coﬁpling interaction

.

i -~ 5 ' ’ . - ) - . \
drastic rate of change. The distortion in some of the curves is

t

N A \
.attributable to the errors in the measurement of Kft values, as described
- . . . /.

- ‘ ?

“earlier (sec‘tion'2.3.2). oo i ' o .

Ll -
4

2.5 Variation of Co;;pling Interaction with. ‘Drill Diameter

" As seen in figures 2.8 and 29, the. coupling interaction  curves shift
¢ . .

-~ upward for increasing diameter of drills. There is someueyi.Qence of the °

\ . . - ’
. r
. i -
. . ’ .
' L
, -
»

E) AR

. optimum h;elix angle increasing with drill; size, but it is indonclﬁsi_ve. due to

» -
-

' the limited number of drill sizes tested. . s

°*

-

Further, the rate of increase/decrea,se of the coupling coefﬁcients with

helix ax}gle ‘depends on the drill diameter. The larger the drill, the higher

is the rate of increase of K and K, with helix angle (figures 2.8 & 2.9).
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o :
. pronounced in larger - drills.

Y

" This aspect xs better dembnstra.ted in the plot of K versus drill didmeter

-

(ﬁgure 2. 10) The _coupling" mtera.ctlon is_ shown to’ increase’ pa.ra.bohca.lly ‘

. ‘J
with dnll dlameter It follows‘ from the a.bovp observatxons that ird the

-~

ey

. N .
LI o . ' N
. £ . N . . . i ,)/-—\
- )

2.6 - Effect of ﬁefix Angle on Torsional Stiffness

R
N -4

i
B € N
.

’ . . coT - .- K «' .
The pure torsional stiffngsses ‘(without axial restramt) of .drills show a

clear~ dependencé on helix angle (figure 2.11). Interestingly, even without
- ) . , b . . ' ! . : a

the torque-thrust interaction, the t%rsion_al stiffness vaslation has a distih;} .

ma.ximu}“arotm‘d a \“heﬁx‘ angle of 28"degrees. & Similar " to the coujﬂing

. 2 M . ’

- R . N R g. M s ‘ .
caSe of small drills, helix angle a 51ativel$" minor influence on,_ the .
. coupling® mteraitlon. ' - L ‘ . o

.interaction, the torsional stiffness variation ~with - helix angle is more

r

Kl

v . ‘
L

1

. “Torsional stiffnesses measured under = axial ﬂreetr'a.int (type I

2l . T . N
N . ‘ '

experiments) are foundto\ be 10 to 25 percent' higher tha.n the

\,_

co’fresponding pure’ torsional stiffnesses.. . When the. stiffnesses , are plotted
o N - 0 B R ,

against helix angle (figure 2.12), a trend identical to that of pure torsional

LES ¢

stiffness is. observed.. Amongst drills of a giveﬂ size, %%gular helix drills

N

show the hxghest increase in tors:pnal stlffness This corresponds to the
observation that regula.r hehx dnllf ha,ve the hlghest level of torque-thrust
' £

mteractxon Hngh hehx drills show shghtly lower mc€aases in torswnal

stiffness, whxle low hehx drills show the least., ; ,’Ir‘hus it is clea.rl_y.

o

- . © . -
demonstratéd that ‘the torque-thrust interaction causes a torsional stif_fening

3
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' effect when drills are ‘axially restrained. The ?ﬁdi;e;:t effect of helix angle

' : : _ )
on this stiffening effect is also apparent.

2.7 Cor;‘obprat':ién of Past Research o . .

The findings of this investigation may aid, in explaining some of the |

observations made - by past researchers on the static deformation behaviour,

-

of _drills. One, may also get a better persp'ective on -certain dr{ll design

[

conventions based- on the information. '
e .
s -

., First of all. .the profound _ei‘fect that helix angle has on drill torsional

-

stiffness 'is clearly sho n.', This reconfirms Kronenberg’s observations (from

Lorenz [9]) on twisted pfofiles. =

) 2
L] N ) . . "
Spur and Masuha. '[10] found that indjscrimifate increase of web

thickness results in a decrease in ltérsional stiffness. This can i)e well
éxplained on th? basis ‘of the‘ coupling ef'fect.‘ Increasing the web thickness

causes a decrease in the torque-thrust interaction [8]. A _reduction in the

JAKY

AR
coupling interaction diminishes the beneficial stiffening effect:hof thrust as

shown by the ‘prés;ent ixvestigation. . The result is a lower torsional
. ’ ' .
stiffnéss. \ . ,

1

., The pure torsfona.l stiffness of drills is -maximized for a helix angle of
around 28 degrees. Also, owing to the coupling '/effect, the sa,rﬁe value of

helix angle causes "the largest ‘increase in the Fofrdsiqnal stiffness under

i

thrust ~(which’ simulates drilling - conditions). ~Thi§ ‘mighi; bef part ~ of ‘the

P | .
J .
L] R . ]
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o . L ; . |
basis for. the traditional popularity of "a 28 to 30 degree Jhelix angle for all

general purpose drills. © ! ‘
T : S

e

\

~ The torque-thrust - coupling effect in twist drills has been investiéated :

2.8 Conélusions

with a y series of experiments. A set of difect and cross coupling stiffness
L .

coefficients are defined for twist drills. ‘It is seen that the cpupling

°

interactiori is a highly linear phenomenon: The investigation .reveals that

!

. this interaction (as measured by ‘K and K) has a distinet maximum

i

around helix angle of 28 degrees. The interaction ‘is . more sensitve to

gelix angle in the césg. of larger drills. For drills of a given helix type,
the coupling interaction increases ‘parabolically with drill diameter.

\
‘.0

The torsiOnai stiffneés ig siinilarly influenced by helix angle, "with 1;,‘
maximum again around 28 deg&;ee;s, and a steep decline away from this’
maximum. $maller drills ';zre relatively insensiti\;e to helix angle in this-
regé.rd. A study of t;he torsional stiffness under axial restraint cleazly

reveals a torsional stiffening effect due to the coupling interaction. The

hfghér the iiltefa,ction, the .higher will ‘be the the torsional stiffness. Thus

Ld
)

drills with the ‘optimum’ helix angle of 28 degrees post the highest
torsional stiffness. It is noted with interest that this ‘optimum’ helix

angle of 28 .degrees is lower than the value used in current drilling
‘ d

practice (32 degrees), although more tests are needed to confirm the same. -,

4 .
.
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The ' findings of this investigation are used to corroborate some
and is proposed, as a probaﬁle. basis for - :

N -

previous research- conclusions,
' +* certain’ drill design.conventions. ' ' .

. N . » ‘ N
' .. ' The .following chapter examines in detail, the induced forces, aspect

. N U %

.~ and its ramifications on dtfilling forces, their measurement, and on the v

drilling ' process itself, . L ‘ o \
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CHAPTER 3

,EFFE&T OF TORQUE-THRUST COUPLING ON DRILLING
FORCES AND DRILL BEHAVIOUR -

The most basic manifestation of the coupling interaction is the

, ' |
inducement of axial strain due to twist, and vice versa. The above would
. 1

be the sole effect if -the induced strains were allowed to occur freely.

v

* However, if- these strains are - physicélly restrained, reaction forces are

induced correspondingly. That is, torque induces thrust and thrust force

-~

‘applicatiori: resqlts in an induced torque. 'J'-I‘his effect was employed in the,

(  experimentation to study the coupling phenomenon, as' described ‘in ‘the

- - previous chapter. : ¥ ' . s X

’
-

" More insight can be gained into the coupling effect by establishing a

cause-effect relationship between the applied and induced forces. This cen

be . done by analyzing the results of the coupling experintefits from a

s

purely forces point of view.:

5.1 Ind‘uced-Férce Mbefficients , -

’

From the results of chap.ter 2 it is clea; that the induced force

.

s

reactions are a linear function of the corresponding applied deforma.tio%'s.'
Being’ within the elastic range,  the applied deformations in turn are

N linearly "préportional to the applied forces: Therefore the applied forces
: . ) L .

.
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and the* corresponding induced deformations can be direétly ';eiated,

defining two new coefficients as follows

o

- F'= KT - LB
\ STy = KGF . - -(32)
. wheré g

F, = induced .thrust - ' '.

T, = induced- torque } | . L R ‘ \
F = applied th.r\ust o ‘, 4

T = applie& torque - |

K, = Coefficient of induced thrust

K, = coefficient of induced tcfrque

These coefficients ,can be obtained by re:plotting the induted forces

.against the applied forces instead of the corresponding  applied
deformations, However, in the coupling experiments the applied and

i‘nduced forces were simultaneously recorded against ‘the applied
deforn:;ations. This ena.bies the calcdlation of the induced-force coefﬁc';ents
from' t}\le coupling stiffr;ess coefficients, by extendi;g their definitions as
follows; .

Y

23



"Now we can express : e

42

~
r

From the definition of the induced-force coefficients,

-
y b B -

K, = dF,/dT
K, .= dT,/dF

A ' !

We have the coupling stiffness coeffié:?ents as

" K, = dT/d8 .

[

dT,/de =~ I

ne

“o . Ky = dF/de

’
~

O 0L e ek
dT.” 46 dT ~ K,

PRI " . o | Kl“: KU/Ktt , S ‘-(3,'?)‘

| K =_K&/Kf£ A )

Thus the couplmg-force coefﬁcients are sunple ratxos of 'the: stiffnéss

coefficxexits determmve& earller. Thls deﬁmtxon is employed to calculate the"

R values of K, and K for various dnlls and arg . tabulated below (ta.ble

n ~ . :. -

tf=“_iFi/“d0 | -

-y

w
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In determining the stiffness coefficients with the coupling experiments,

absolute rigidity of supports was assumed, with no 'axial/tc';rsiona.l

[}

compliance or slippage. The induced-force coefficients so obtained are

‘maximal values. Any axial or torSional ‘relaxation’ reduces these values. g%

A
1

3.1.1 Variation of K1 and K2 with Drill Diameter

'Interesfing_ information is revealed when the induced- force i:oefficiént.s

tabulated above are plotted against the diameter of the drills. Figure 3.1
) ' . ' s . S

) shows a‘qgraph of 'induced-thrugt coefficient Kl against diameter, It is

’

clearly seén that the coefficient decreases with increasing drill® diameter.

According to the 'definition of requation' 3.1 “this means that for a given
' ' ’ Y ! “ ' . . -
applied torque, smaller _tﬁe drill, the larger . will be the induced thrust.

On the other hand it was -seen (from the results ,of the previous

-

chapter) that, plotted ag::;inst torsional J"'defoi‘ma,tior'l, the induced thrust was

higher . for dfilié of larger diameter. This can be expia.ined as follows -

[

A\Dﬁe to their inherently higher torsional stif&aess and also due to their

LY

" higher stiffness under axial rest;rainf,r larger drills \undergo smaller torsional
deformation. Which means the axial deformatio‘ns' induced are also
. " smaller. Therefore the induced thrust reaction is proportionally ‘smaller in

larger dirills. - o '. | ] L

~

Figure 3.2 shows the coefficient of induced torque (Kz) plotted
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e

- Table 3.1

k]

L4

(186.7}-

Induced-force coefficients of varicus drills.
DRILL HELIX Ky - Ky |
SIZE TYPE in~1(m™1) in(m)
PE—— l A N ) ?
~ 172" + Regular 1.523 10.03051
o . (59.96) (7.75E~4)
. High 1.717 10.03239 °
. (67.60) (8.23E-4)
Low 1.741 0.00912
- (68.54) . (2.32E-4)
13/32" _Regular 2.281 0.01926
: (89.80) .(4.892E-4
‘ High . 2.637 0.02058
T (103.8) (5.23E-4)
Low "1.951 - 0.008263 .
(76.81) (2.10E-4) .
| 3/8 Regular . 2.368 £0.01698
n - (93.23) ' (4.31E-4)
©._High 2:327, . . '0.01668
b T ! (91-61) 3 /’(40124E-4)
s ‘Low 4.284 . 0.00764 -
: ' (168.7) / (1.94E-4) . -
- | 174" Regular 4.660 ! 0.01287
b x (183.5) - -7- (3.27E-4)
High "4.742 | ¢ 0.,01255
! “ ! ' (3'0']:9'E-4)'
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° 8.1.2 Effect of Helix Angle on K‘1 and' K,

l ', n !
ir.xcre&; from . low helix angles, reaching' a saturation level around 30

\mglé.'

" will be ‘the induced torque and thrust values. A

46 ' .

1

..

\ B
against’ drill diameters, Contrary to the variation of 'K, it increases with.

\ diameter. That ié," the larger the drill, the larger will be the induced

¢

-

< * -

<

RN

torque for a given applied thrust.

»e
K

These ‘observations,” on the variation of K1 and K2 - with drill

S
&

diameter, have important implicatiqns which will be explored -later.

3
S “ N
. '

P

Figures 3.3 .and: 3.4 ghow graphs of the ihduced-force ' coefficients

against the helix angles of the 'drills. It “is seen that the trend of

7

variation - of the &two coefficients . is. seignilar. In general] the coefficients

. ! N

LY

_degrees. 'This trend is interesti_ngh consiéering that the coupling interaction

toas
"

as ' such ‘reaches a maximum around 28 degrees, and: shows a -decreasing °

a {

. ‘trend beyond. Thisg trend may ‘be attributed to éhe variation of “the

* direct. stiffness céefﬁg:ients Kffc and K, (equations 3.3,1 and 3.4) with helix-

' , . \ N Sead

)

r~

+ From g“i':he“ 'point of view . of .induced forces, [ the above observation

£

means that amongst drills of a . given size, the lower the helix angle, lower
. . v .

for drills of high helix

angle, the force-inducement increases and reaches a saturation level. -

’

-
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3.2 Cofnpax;ison of Static Test and Drilling Conditions .

\e
» . . \, e . . Y
. . - '
. )

]

Drilling process bla.sica.lly'inVOlves the ‘plastic defolrma‘tion of the work .

t ‘ , < i . . . s \\
nfaterial.  Particularly in full-hole drillijng, at the web of the  drill, the -
metal is removed by a_severe, extrusion- type of ‘eff’ec‘t which gqne_rateé a

r . ' ¥ i .
large thrust force. The forces become especially severe when drilling hard

IS .

materials such as steel, without a~cool‘an1°;. Thus- it can be seen that the
drilling pfocess creates conditions similar to those in the torsion and -

compression tests descril;id in the previous chapter. That is, ;t(hejfhga:ay

components- of cutting t‘ofque and cutting. thrust restrain the inddced dtatic

0 ‘ ) ‘ » \}
3.3 Force Inducement During Drilling o .
» " .

sdeformatio'ns (axial expansion and torsional winding) of the drill.

Under the rigid "'support conditions it was seen; particularly from type-
« . 1o . “’»

II coupling experiments, that the reaction forces inducement i6- ai

. i . ! ¥ v .
pronounced effect. For example, with an applied twist”of about 7 to 8
R

‘degrees, a 1/4-inch diameter drili ‘éxerts an induced thrust ¢f 200 pounds.

t 3

N . - » ’
The effect becomes increasingly prominent as drill size increases, with a .

~

1/2-inch -drill inducing 300 pounds thrust under &a twist of about 3 to~4

degrees. : o . N
o
v N v

> ]

The fact that the coupling experiments closely simulate drilling

' ¢

cgnditions (in restraining drill expansion and winding), automatically

implies, tha§ significant reaction forces are induced during drilling also. In '

- B ~

2
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-t
1

other words, the. axial expansion caused by cutting ‘t’orque is restrained by

cutting thfus!; (which compresses -the drill), . inducing a . thrust reaction
T h - . : ) RN
force. ' Similarly, the torsional winding causéd by cutting thrust is opposed -

by cutting torque (wfni_ch tends to unwind .the drill), resulting in an

»

induced torque reaction. Figure 3.5 illustrates the. effect. It is seen that

- the induceﬂ forces add up with the corresponding cutting forces.

s~ ' Therefore in drilling, the measured fo!rces will always be an aggregate of

o

the true cutting and the induced force components. And thus, it is

erroneous to attribute the measured forces (torque and thrust) entirely to

K AW
v . d . f
- the cutting progess alone. , ‘ ‘-

v v . .
The above phenomenon has profound consequences on various aspects
of drilling, which will be dealt with later. But in order to explore.the
extent and ‘nature of the induced forces, it is necessary to obtain ' a means

of separating the true cutting and induced components of torque and

thrust.

3.4 Separation of Cutting and Induced Components of Forces

’

Since the inﬂuced forces in drilling are due to the coupling effect, the

results of the 'coupling“ experiments can be employed *to separate the true
/

" cutting and.induced force qompongnfs.

’

4

, As stated earlier the induced components of torque a_nd thrust add

up with .the true components generated due to the work done -in cutting

. . ’ ' ' '
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. the metal. The measured force values are given by
: ¢ hues ,

' . A b R -
) ' . Fm = Fc + Fi ] ‘ . . .(3.5)

\ A Tm = TC + T’ " ,(3.6)

¥ ., 0 »

0' '\’- _
where : '

F;, T, = true,éntting, thrust and torque: réspectiyely N

F., T. = coubliné-induced thrust and ‘torciue" forces ’

f, . , *. o ) Coe ) . w”' ' ' ' .
Assuming‘ that the drill encounters rigid restraint‘ condjtions during
dnllmg, the . mduced—force coefﬁcxents deﬁned and determlned ‘above can \ke o

LY

used to- relate the cuttmg forces w1th the correspondmg mduced fOrces as

\

o meRT e

o L id B Ti = Kz.‘Fc- (3-.8)
.Substituting equations (3.7) and (3.8) in (3.5) and (3.6), we get

| ~ . ’ . Ay ’ .

| \Fm‘:( '/F"c + KT, (3.9)

: T, =T +KF. o (310

Solving equations (3.9) and (3.10) simultaneously, we get: t,he cufting

components of forces given by

. (é.ir):’ g
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~T_ - K,F
T = -B__2m
¢ T1-KK,

(3.12)
Thus with the knowledge of the induced force coefficients K, and K, "of a-
particular drill, the above équa.tibn'ﬂ eriable the sebaration of the 'true

. cutting' and the induced force components from. the measured total forces.

s .

The numerical valﬁes of" Kl' and K2 obtained earlier are substituted

LY
s

. B .
above to generate the ‘separation equations’ for drills of various sizes and

tabulated below in tab.le_3.2.' '
| ®

The following points are to be noted qbout the separation equations:

). The " separation eqliatiops tabulated below are valid only for' the
particﬁlar drills tested. Any variation in the drill keometr;cal features
or material, changes. the stiffness coefﬁcient‘s‘ and thus the induced

. force coefficicnts also.

A

li) An observation.'of the separation .equations again reveals the variation -

_of the measurement error with drill size. Particularly from the

thrust separation equations it is.seen that the measurement error

increases with decreasing .drill diameters. And the torque separation

A

equations show an opposite trend.

A

iii)” It' was mentioned earlier that the induced force coefficients tabulated.
are maximum values for the drills, obtained experimentally under

completely rigid restraint conditions. This -also implies - that the’

-

P
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separation equatio'né obtained with these maximal values, will indicate
the ma.xi_mum possible meas‘uremeni: errors of torque and thrust.
However, if such rigid axial a.nd“torsi'onal restraint éoﬁd‘aitions are not
rea.ch’ed‘ durink a drilling operation, lower values’ of induced forces
(and thus lower meas“u,rement errors) w&ll be the result. Such a
situation may occur in‘ drilling’ ‘soft metals, where the lower w b-
“’wgenerated thrust fails to restrain the driil completely. The ca;.se o
drilling with a pre-drilleci' pilotw‘ hole may also cause’ fhe same effect.'

The latter is discusse{i in detail separately.

P

=

3.5 Estimation of Force-Measurement Errors ' v

4
3
* \""', S

At this stage, -some numerical '(;Omputations of the actual extent of

induced forces, may aid in demonstrating their significance. For this

-

lpurppse, the drilling forces measured and reported by a past inves‘tigat\ion'
(Shaw and Oxford [15]) are used. The specifications of the drills used are
identical to those in the present investigat:ion in respect of the helix angle,
web-thicknesses, drill lengths and the drill material. Thus it is a.ss'umed'
that the various stiffness coefficients determined presently are valid for the

drills and that the above separation equations can be employed without

-

significant error.

[}

Table 3.3 below presents the experimentally measured thrust and

8

torque values, and the corresponding true cutting forces separated usingw.

the above separation equations for the particular drills.
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¢

. As seen, the induced torque and thrust ,values (that is, the force

‘measurement errors’, F,_ and Ter) are of significant magnitude.

P/@.rticularly, the thrust measurements are prone to large errors. The effect

of drill size is also clearly demonstrated.. With décreasing drill diameters,

the thrust error bécomes increasingly prominent. Whereas, the induced

torque value decreases in magnitude for smaller drills, although this ghdngé
is quly slight. '

The above effect has Jmportant implications on the static deformation

‘behaviour of \drills,‘ wixich- will be discussed later. “_

3.6 Effect of Pilot Holes on Force Measurement."

AY

It is often necessary (especially with tough work materials) to drill a
small pilot hole before drillin} the full size hole. Usually the diameter of

the pilot hole is chosen to equal the web thickness of the full size drill.

Thus, without the web-generated thrust, the total thrust force during

drilling is drastically reduced. This also means that the induced a.xiai{

t

i§ similerly affected although, to a smaller extent. As a result of this the

" values of the induced forces in drilling with a pilot hole may be much:

1

lower than in full-hole drilling. Consgquently, ‘using the separatioxi

—~—

equations to estimate the induced torque and thrust values in such cases

would be erroneous.

Part of the drilling experiments conducted in this investigation will

., ' strain has very little axial restraint during drilling. The torsional restraint -

3

\
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¥

explore ' the aboye expected effect of pilot .holes on drilling forces

measurement.

The coupling effect and the force inducement ‘due to it have

significant implications on the behaviour *of the drill 'ya.nd the drilling

process itself.  These effects have three main -aspects namely; the static

aspects, the- dynamic aspects during drilling, and the effect of force

C !
measurement errors.

e e —

- ’
1

LN
-

. 3.7 Effect of Induced Thrust on le'ill_'Static"Behaviour‘ S

Drills in general. are slender elements- by désign, and the rediiced ° .

cross-sectional area allong ‘the "ﬂuted' pottion makes them flexible under the U
. forces of drilling. As an inheren'tl): slender cantilever subjected ‘t.o axial
and lateral loading' at the free end, a drill i‘s rhiaghly susceptible to. ‘.
buckling-type bending a.ctic;n. ' “ | |
. " N '; . v e - ) <
Under these wbnditions it can e seen that the extra thrust force
/induced due to coupling increases the buckling-bending action on the dr?iI.
éuch a steady static _«Iieformation can cause run-out and other errors of
fhe \hole. This phenomenon assumes further importance in the case of
smaller drills because, as shown earlier, the a;nount of induceci axial force
.f01j a givén applied torque, 7is higher for smaller‘ drill dian;‘etgrs. In
addi;:ion, smaller' drills ar;a more ‘slender, thus increasir;g the chances (}f ,

“ buckling. | - ' ,




3.8 ‘Effect of Induced Thrust on Drill Dynamic Behav_iour,

I ' 58

.83.8.1 Effect on Drill- Vibration Characteristics

2

The f'I':orque-t.}u:t'mst coupling effect has significant implications on the

1

1

s

" dynamic behaviour of the drill. Firstly the increased torsional and axial

stiffness (owing to the coupling effect) during drilling,will result in higher

values of the 'respective resonance frequencies in vibration. This effect

n

"may be béneﬁc:.i;l, or harmful to the quality of the hole depending on

i

——
4

other conditions prevailing during drilling. '

A

«

Secondly, considering. the lateral vibration, the extra thrust force

- FE

induced. 'f)y the cuttiné torque can have detrimental effect on drill dynamic
behaviour and thus on hole quality. This is.because it is known [13] that
increasing the thrust force on,a drill decreases the first natural frequency

in lateral vibration of a—drill.

1 s ‘ fo . - f

1

helix - angles, observed that the resonance frequencies increase with

-

décrea.sing helix angle.- This phenomenon can ,be discerned ‘using’ the:

above explanation dof the effect of coupling on drill lateral vibration. In
’ ' ‘.

.section ‘3.1.2 it was shown that as helix angle decreases from the

conventional value, the magnitudes of the induced:forcekcoefﬁcients K1 and

[

K2 decrease significantly.  This means that the magnitude of induced
thrust also decreases significantly. Thus, under this reduced axial loading,

the resonance frequency in lateral vibration increases for low-helix drills.

i e
A

+ Spur and Mas?ha [10], from their -experiments on drills with various

4 -

L4

*T
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Thérefore, the researchers conclude that high helix drills are dynamically
t— T ) . N
weaker. ‘

!
<

The same authors cite an earlier researcher who observed torsional
3 ¥ '
vibrations with synchronous, longitudinal vibrations. This phenomenon can

t

be aptly explained by the torque-thrust coupling effeqt.  The drill dynamic
_ behaviour can be envigioned to be identical to its static behaviour. That

is, the drill expands when it unwinds, and contracts whén it winds. back,
thus setting up a simultaneous, in-phase torsional-axial vibration. This z
type of a ‘parametric’ vibration is more likely to occur in the case of .

- drilling - with pilot hol;s, than in full-hole ‘dri‘lling. The above aspect will

L )
be explored with the drilling experimeénts conducted presently.

8.8.2 Drill Behaviour at Break-through ‘ -

A J
il *

v ) . ( ‘ .
Based on his ‘experiments with through-hole drilling, Galloway' [14]

made certain observationsb and conclusions on drill-behaviour at the

break-through stage. These are ar;alyzed and re-evaluated in the light of

the coupling effect.

£
i

¢ Figure 3.6a shows records of torque and thrust signals of the drilling
prdocess. "Figure 3.6b shows erila.rged records of the fluctuations of the

forces. Rapid changés ‘in torque and thrust were observed as the drill

broke through the underside of the workpiece. A substantial increase in

A

the actual feed was also seen, and simultaneously the machine began to '.

¢ ~ . . f
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vibrate and continued until the drill point emerged completely. "“The .

vibration of ‘the drill was reflected in both the force signals, particularly in

the torque record, where the pea.k-to—peak ﬂuctuations were almost as la.x;gg

M

as the averpge value [14]. The said author concludes that the mcrease in

-

feed is due to the elastxc recovery of the machine tool structure, and that
the vibrations at break-through may be due to the regenerative \cha.tter
mechanism. ' .

P

L]

However, it is 'seen from the . reco_l:d of torque and thrust signals

(figure 3.6b) that the fluctuations are of a low frequency (approximately 12

: ; . o
Hz) and high amplitude. .Whereas, it is known that chatter is a high

&)

frequency pht?nomenon.. Therefore it is the conviction of 'the present

investigator that chatter vibration is not the source of the unstable tool

~f
behaviour at .'break-thl:ough. An alternate explanation is offered 'for the

source and mechanism of such vibration.

s .

- 5 N ‘, , ” . )
As explained earlier, during full-hole : drilling the cutting torque _

?

induces axial expansion, which is reétr}zined by the.cutting thrust. In this

o

state, the drill is similar to a compressed spring with its stored potential

energy.

At the instant the drill breaks-through as illustrated. in ﬁgﬁre 3.7,

fhgre is a sudden and substantial decrease in thrust. Without the

restraint of the web-generated thrust, the drill is now free to unwind and

ks

expand axially, si;mltaneously allowing the elastic recovery of the machine

> «

I3

-~
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coupling effect may causé significant errors in the measurement

“twist drilling. . The standard of comparison and, evaluatio? in all such

63 " V)

frame also. This results in a sudden inc¢rease in the instantaneous feed.‘

3

( LR

The large pulse of forces caused by such an inctease in feed_ma&‘

initiate simultaneous, coupled torque-thrust vibrations of the type described -

in section 3.8.1. Because of the reduced torsional ‘stiffness, larger torsional

deflections may be caused which result in larger axial expansions also. So

_’in each cycle ‘the drill ‘digs” into the work material, increasing the forces
' d

and sustaining- the vibration. Because of the absence of cutting at. the
B A { - )

web, such simultaneous vibrations causeé large flictuations of torque and

relat“ively small pulses of thrust.

3.9 Implications c?‘Error, in Forces. 'Mea'surénient

It was demonstrated by the numerical samples of section. 3.5 ?zt the
f

forces

during drilling. Especially in the case of thrust, 25 to 30 percent of .thex

measured value (for 1/2” and 3/8” drills) may be that induced i)y cutting

experimeni;ation in drilling. resgarch. Q

N

. y
‘torque. Errors of this magnitude can seriously undermine the utility of
. : ‘ \ :

\4

3

A substantial research effort has been and continues to be directed atf ‘

€

‘aresearch- is obviously the experimental measurement - of these forces. In the

past, research qn this front was limited to the case of drilling with a

e ' . o

i

. obtaining a ‘theoretical m_eans-\ of predicting the torque and thrust forces in .,
! :

a
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pre-drilled pilot hole. In such cases, by the reasoning of section 3.6,
minimal ~or no error may have occurred in the experimental

forces-measurement. But recent research has attempted a complete drilling

7

model with no pilot holes. And as discussed above, the measurement

errors possible in such cases ,are significant enough to affect the validation

(positively or negatively) of the theoretical models.

. Another research area where experimentation is‘extensively used is the
parametric study of ‘the d;ill geometrical features and their effect on
dxlilling ,};bré\eé. “Here, coupling -induced ‘errror in the forces can cause
erronebé“conclusions on the effect of a particular parameter-change. Also,
v.vhere in actuality -only one of, th; forces ‘(torque ’or thrust) may have

- changed due to a parameter-variation, coupling produces an illusion of

LY

" change in the other force also. . ] e .

3 »
(]

Thus the “results of experiments to compare drill performance,
evaluation of drill life, progfctivity etc., can all be adversely affected if

coupling induced forces are”not taken into consideration.

~

3.10 Computation of Drill Deflections

\
It is sometimes necessary to compute the 'twist and axial deformations

of a drill under the c{xtting‘forces. This ‘s done using equation (2.1) of

©

cﬁa.pter 2, that is,
' « ®
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0 ‘ .-az21 a,, « T
. Following the ‘ developments of this chapter, it may be said that the
.coupling effect will not necessarily ,aﬁ'e\ct the drill deformations under all
conditions, contrary to the -calculations of De Beer [8). ‘That is, the
induced strains and induced forces are mutually . exclusiy cox;dit.ions.

Therefore the ~correct approach would be as follows:

&

. i) In the case of full-hole dfillin’g, the deflections under the measured

A3

forces are to be computed ﬁsing only the direct stiffness (or-
compliance coefficients). -~ In practice there may be small but

negligible amounts of induced strains since the restraints are not

[y

total.
Y

! . ‘a egye . . . . .
ii) In the case of pilot-hole drilling, coupling strains are induced.
o . | )
Therefore the total deflections are computed using the above equation,

o where the Maxwell’s coefficients are .obtained by inverting the matrix

of stiffness coefficients obtained abc_we."

3.11 Conclusions

| . \
/

-

* Two new coefficients K, - and K2 are defined, directly relating the

applied forces and the corr .Ipon'ding, induced’ forces on drills, The values

of these coefficients are aom uted from the jesults of the previoﬁ‘% chapter. - |
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-~

Values of K1 increase for decreasing diameter of drills, and the inverse is
seen of Kz' Against helix anglé, both coefficients show an increasing

‘trend,” reaching ‘saturation’ values later.

It is concludeéd that; due to the axial and t&rsional restraint of the

cutting , forces, the coupling effect induces torque: and thrust forces during

"

drilling also, yviﬁch add up with the corresponding cutting forces. Thus it

s

4s erroneous to attribute the’ entire measured force values to metal cutting.

A- simple means of separatixlug the true cutting and the induced force
components is obtained by deriving ‘separation equations’ for the drillg,
‘based on the induced-force coefficients K1 and KZ'. Numerical s;mples
compited from the force m;aasurements of past‘ reseai"chers, show that
signiﬁcant errors may occur in the. measurement” of torque and thrust' in
full-hole drilling. Pz;.rticularly, errors .in thrust (for 3/8”’3}d:L 1/2” drills)
may be 20 to 30 percent of the nrleasu\red values. Torque err(;rs are
est?mated to be 10 to 15 percent. Thrust error increase; wit-;h decreasixig
drill diameter and the vice versa fwlds for torque errc;r. In th{ca.ée of

pilot hole drilling, because of reduced restraint conditions much lower or

&

no errors may be, expected.

L)
/

It is observed that the coupling effect and the induced forces due to

AN

it may have significant impact on drill behaviour. Statically, the increased

total thrust may increase the chances of the drill bending in bﬁckling,

especially in the case of small drills. Dynamically the 'g‘oupling effect,

.
L}
P

X ~ W . sy
. S ,

%
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increases the natural frequencies in torsional and axial vibration. Due to

the increased thrust the first natural frequency in bending vibration can be

greatly reduced. The same mechanism corroborates the pr;vious research
obseri'ation that natural frequency increases as helix angle decreases. The
coupling induced axial and torsional strains are probably also the cause -of
the .’ simultar;t)aous' torsional-axial ‘para.métric’ vibrations observed during

drilling. Based on the coupling effect, a new and more apt description is

" offered to discern drill Behaviour at break-through, in through-hole drilling.

Experiment?/fprce measurements are of paramount importance in such
< ,

4

research areas as drill geometry evaluation, theoretical models for cutting

»

mechanics etc. Therefore, due consideration for coupling induced errors in
\ -

these measurements is essential.

The following chapter develops a criterion for the selection of ~

pilot-hole sizes in drilling. .



CHAPTER 4

A CRITERION FOR THE SIZING OF PILOT HOLES

x
o

‘4.1 Cutting-Edge Géometry

L4

As described in chapter’ 1, the cutting edges of a twist arﬂl are
formed by the intersection of the flute profile and the conical point
surface. ‘They have a complex three-dimensional ge¥>metry and in addition,
are ‘oblique to the cutting velocity vector: Due to these complexities,

several planes of view are necessary to visualize their geometry completely.

Figure 4.1 is such an illustration ghowiné the geometrical relationships
between the various angles. The normal rake angle a, normal clearance
angle Cln and the angle of inclination i for a point Q on the cuf;ting
edge are shown. The helix angle 6§ at Q is defined in a plane

perpendicular to the radius r (vie‘w A), and is given by

- tan § = 2m/L . e (4

N\
where L is the lead of the helix. Therefore, the helix angle & varies

along the length of the cﬁttiﬁg lip. The peripheral value of it is used .as

a drill specification [19].
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~ The normal rake angle at\;é is measured in a plane perpendicular to

5

the cutting edge at 'Q and is defined by : ‘ L

o = a - L @2) |

<

where o is a reference rake angle in the normal plane, given by

L

Mo ’
‘ _ tan 6 cos w '
tan af'Tsinp-ta.n“&sinwcos P (4.3) T

* L4
t . T

and angle ¢ in :the normal plane, given by

tan ¢ = tan w-cos p _ L (4.4)
* ! . . ~

f A
. . . {

In the above expressions, p is the half-point angle, and angle w at the

point is given by - ; -~ g I’

g -~
- . -

a ' sin w = W/r o : - (4.5)

o
. . ,

. 'where W s the half web thickness and r the radius at the point.

Substituting equations (4.3) and (4.4) into (4.2), we get the expression for
. {

- , }.

the normal rake angle as

.

, - . 2 tan 6
tan @, = [cosz + sin w tan w cos p] sin D

- tan w cos p .(4.6)
From equation. (4.6) it is apparent that for any given drill geometry,

the normgl rake angle varies continuously along the cutting edge [18].

‘
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When numerical values .of the rake angle are plotted . against radius,

. interesting information is - revealed.

Figure 4.2 is a typical plot of the normal rake angle variation along

the cutting edge. Starting near the chisel edge (or web region) the

normal rake angle has a high negative yalue. As radius increases,” the \
. »

rake angle increases and reaches- a high positive value at the periphery of

the drill. Therefore, at some radius, along the cutting edge, the normal

rake angle assumes a value of zero.

AY

’

4.2 Cutting Mechanics and Cutting Eége Geometry
f ' , . k]
“Due to the coniplexities of géom\etry and the variation of t};e cutting

angles along the cutting edges, the mechanics of cutting are highly

_complex in drilling. . K

¥ ‘
Féggure 4.3 schematically shows the chip formation in different areas of
- cutting on the drill point. Section AA is in the positive rake angle
regioxf of the cutting edge, and the chip formation re‘sembles that of a
normal single-point cutting tool. ' Section BB shows the cutting ‘mechanics
in the r-legative rake anéie region. Herer, the cut chip is turned b‘aackwards
onto the rake-face through a large angle. The excessive plastic
deformation thus requiréé,‘ " makes the c;xtting conditions in this region to

be severe. E K
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v

But the most severe conditions of all prevail at the chisel-edge region,
shown by section CC. The .cutting action in this region is likened to
that of a wedge-shaped 'indentor [19] with a high negative rake angle (-50

to ;55' degrees). Due to the proximity to the dril} axis, the tangential

cutting velocity is extremely low. Thus the material removal is effected

by a severe extrusion-type of plastic flow of the metal.

1

. The ‘cutting geometry and the resulting mechanics of metal remoyal
‘have a direct and significant influence on the forces generated in drilling a
. given n;etal. I‘t is ,well known that .'the power force ‘(the ;adial plane
force-couple ‘in drilling) ’ is " directly proportional to the normal rake angle
(18]. When the ra:ke angle of a cutting edge is increased from a nominal
positive value, the ’power force decreases, and a decrease of ral;e angle ha.s
the inverse effect. Consequently, the excessive plastic deformation at the
negative rake angle region of the li:s, generates large tangential as well as
thrust forces. It is well known that, \owing to its cutting mechanics the
web (or chisel edge) of a standard drill generates more than 50 percent of
the thrust force. (and 20 percent of torque) in drilling [20]. In addition,

t}ie large amount of energy consumed by the plastic flow of metal is

dissipated as heat, which cayses built-up edgés and a further increase in

-
»

the forces.

@
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« "4.3 Nec:aqsity of Pilot Holes _ ; oo

:

When drilling holes of large dqueter and/or when 'a. tough work
material is invélved, it is impossibl‘e or unadvisable to directly start the
full-size hole. The common drilling practice in such cases is to pre-drill a

‘pilot hole’ of a small_er' diameter. The purpose of such a 'pilot hole being

i)' To reduce the 'thrust force requirements when drilling the full size

.
-

hole.

-

ii) To prevent excessive stresses and heat generation at the web, and

~

thus increase thé tool-life.

4.4 Present Sizing Criterion for Pilot Holes

In the perception of current drilling practice, the severe cutting&

process at the chisel edge and the resultir;g high thrust force, are the only

»

reasons that necessitate a pilot hole. Therefore, the standard practice is
to size the pilot hole diameter to equal the web-thickness of the full size

drill, eliminating cutting in that region.

However, it is well known from drilling practice and past reéea.x;ch‘

-

[14,20] that drilling with a pilot hole so sized, results in poor hole-quality

©

in -terms .of roundness error. Therefore, in most cases subsequent
{

_processing (that is, reaming, boring etc.) is required to improve-tHe hole

1

-profile. The following preg.e_;'lts a reasoning for such a deterioration in hole
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quality. - .0
~ ' .- b o
As found by the cutting-geometry analysis, negative rake angle is not

restricted to the chisel edge regfon of the drill.. For a stfl')stantial length

on each .cutting edge (starting from the web), the normal rake angle

v

remains negative. It was also pointed out that the cutting mechanics
/

associated with such a negative rake angle, are inherently s;\rere and

[
{

unstable. ~ y

AN

length, does not completely solve the problem of excejsive forces. The
severe gutting process in this region of the lip continues generate large

forces. Combined with the inherent errors of point geometry, substantial

>

radial (or ‘drift’) forces are produced on the drili. In addition, under the

*drastically: reduced restraint of the' thrust force, the rigidity of the drill is

lost. The combination 9f these factors, causes ihe drill to easily \\gi,eﬂect

Y

(radially), producing higher roundness error ‘of the hole.

N
vl .
.

'Yet, drilling with a pilot hole improves the straightness of the final
holeh[14]. Therefore, if the deterioration of rouridriess. is prevented, the

‘pfocess of pilot hole drilling‘, m/ahy‘bg more widely prescribed to obtain high

quality holes.

" .
P
< -, . G
. %5
l PYOE

-

In this pursuit, a more appropriate criterion @proposed for the

‘ /
selection of pilot hole size for a -given drill. This criterion is based on

]

Therefore,‘pre-drilling a pilot hole. of diameter equal to_the .chisel-edge

\

(O

I

)
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the cutting._mechanics in ghe various regions of .the lips, as described
’ S : - ' . X, | ,
above. o ' R
3, . A ¥ ~ . ) .
4.5 A New Criterion for Sizing Pilot Holes N
- < d
_ Following , the deficiencies of ‘the. Qurrently practiced criterion, the

F ) «

principle of “the proposed criterion for sizing pilot holes is simply, to

¥

elxmma.te meta] cuttmg in all of the negative rake regions on the drill

»

\ ~point. ’I‘ha.t 1s, the diameter of the pxlot hole should be large enough to

excl‘udfe cutting in .the negative-rake reglon of the llps also (figure 4.4).

~

~ .
The ideal pilot hole diameter should be within certain minimum and

. ‘ “ ) e - -
maximum values, determtnqd*for each drill as follows. B

= <

For the given full-size drill to be used, equatipn (4.6) above is set-up
solved for the root, to. obtain the radius at which the normal rake
angle becomes zerg. This gives the diameter within which / the rake angle

- i8 negative, and defines the minimf'um recommended diamtéter of pilot hole.
o qﬁ’ N . .

: - .

The minimum diameter so determined is the ideal size™¥or a pilot
hole- Howgvﬁr, with this size, it may be impossible to reach the depth
required of the full size hole, necessitating the choice of a larger size of

pilot hole.

RQn the other hand, the pil\ot/ hole diameter cannot be increased
indiscriminately. Because, with a large pilot hole the rim of the pilot

hole contacts a sharp' (high positive rake angle) region of the lips when

) N _— U

.
\ ' . »
* ¢

>

w
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\lrilling commences (Figures 4.2 and \4.4). This. can cause °‘digging-in’ of

.

-
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~

the cutting edges, in- turn resuft” in large force fluctuations and poor hole

quality. .

-

Based on the .proposed criterion; table 4.1 lists the ‘critical size’ of

pilot hole diameters récommended for several common siies of d‘rills:‘ The

~~
~

chosen size must be the nearest convenient drill size, without being smaller

than this recommended minimum size.~ If the required depth of, hole

cannot be achieved - with this recommended size, the -larger size chosen, -

should be as close as possible to the same.,.
A

3

It is to be noted that the standard “twist  drill - profile varies

¥

continually from the point-end towards the shank (the web thickness
increases). Corréspondingly, " the cutting-edge _geometry also changes.
« .

Therefore, as a drill is sHortened by successive point-grindings, a

substantial variation occurs in the cutting-geometry. Hencé, the above

- recommended sizes of pilot holes —are eonly for new drills, and would be

invalid for drills significantly shortened by successive point-grindings. In °

such a situation the ideal size of pilot holes must be re-calculated by the

" user, employing the criterion.

\ N
- »

The following section discusses the choice of pilot hole sizes in the

»

experiments conducted to validate the sizing criteriom developed above.

a ’ . " . 4

AN

-

~

3
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Table 4.1 Regqumended size of pilot holes for various commoén drills:

’ N El
' . ¥ .-
‘ -
- '\
.

Full size Web thickness - Critical diameter
drill . at pd%nt en;i of pi%ot hole
inch | inch o inch
3/8 0.060 0.137
x/2 - 0.075 0.172
9/16 ° 0.095 0.219
5/8 ° Y 0.100 0.238
T 11/16, 0.105 _0.250
3/4 0.115° 0.272 |
13/16 0.125 . 0.300 oo
/8 0.130 ‘ ‘ 0.316
15/16 0.135 0.332
T 0.140 0.346

o




4.6 Pilot Hole Sizing for :Present. Experimentation

The drilling tests in this investigation are carried out with a 1/2-inch
¢

and a 3/8-inch diameter drills. The critical pilot hole diameters for these

sizes are as given in table 4.1.
\

The 1/2-inch drilling experiments are designed so as to clearly isolate
\_ .

th€ effect of the ‘critical diameter’ of pilot hole deﬁned above. Several

experlments (varying the feed as well as the feed method) are done with a

pilot hole of diameter sllghtly larger than the ‘critical’ value. Termed as

>

drilling with a ‘right size’ pilot hole, these experiments are designed to
show the beneﬁci.alk effects of proper pilot hole sizing. The same
expe'riments are repeated with a' pilot h.ole of size slightly less than the
critica’l value. These are designafed as ‘wrong size’ pilot holes and, show
the detri{nental effects of cutting with a negative rake. A comparison of
t‘hese two sets- of experiments v(rill reveal t}:e “validity of the criterion
" proposed. It is' to be doted that in practice the pilot hole is sized to
equal the web-thickness, which is a more extreme case of the ‘wrong size’

pHot-hole. Also, the same experiments are repeated without a pilot hole,

« to determine the general effects of pilot’ holes.

A more detailed description of the experimentation is preserited in the

following chapter.
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4.7 Conclusions

- .~

4

¢

The cutting edges of a twist drill are of a complex - three-dimensional.

geometry. The norma'l rake angle e, on the cutting lips are of utmost

/ importance to the cutting mechanics, and is shown to vary widely with
radius. Starting with a high negative value near. the web- of the drill, an'
reaches a value of zero degree at some radius, and continues to increase,

t

reaching a high positive value at the periphery of the drill.

The varying geometries also -produce varying cutting mechanics in the

. - -
different regions of the drill-point. The web (or chisel-edge) is likened to
a wedge-shaped indentor. The large negative rake - angle and the low
cutting velocity in the region result in the metal being removed by a

severe extrusion type of effect, which generates excessive forces and heat.

- The cutting in the negative rake region of the lips is also inefficient, with

a high degree of plastic deformation, heat and forces.

The high thrust forces and heat generated at the web are undesirable
when drilling with a large diameter drill and/or when tough "work

materials are involved.  Therefore, it is standard drilling practice to

"

pre—dfill a pilot hole of a smaller diameter. However, this invariably

results in poor quality of holes. o ' .

: The criterion used .for, sizing the pilot holes, is suggested as the
.

reason “for the deterioration of hole-quality.” The current practice is to

o
“
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N

dnll' a pilot hole of size ‘equal to the- web—thlckness of the dnll However,‘
it is shown tha.t this stll leaves the - negatlve rake reg:ox& of. the lips .to
<
gerferate/q,e‘zfltictmg drift forces, whlch ca.qse roundness er::di's of the holq.
o . i
Therefore, a new criterion is proposed that eliminates cutting in all of

.'t{xe negative rake . reg:ons of the dnll pomt For /this, _the didmeter at ~

]
which the rake angle reaches zero (on the hps) ns determmed and defined

as the cntlc‘al diameter’ of pllot hole for the gjven drlll size. .Based on
. . / ‘

this criterion, a set of recommended pilot

ole sizes is presented for
A L7 v .

common " drill sizes. ¢

Drilling 'with ‘a pilot hole is ghown to/ improve the _straightness of .the
) . .. 5 o
final hole. If+ the stumbling block q{. poor . hole-i'oundr_xess that °. also -

. . . / ‘
‘accompanies, - is ‘eliminated by employisig the ‘proposed criterion, then the

process of pilot- hole drilling may be prescribed more often to obtain high’

quality ‘holes. :

(KJ
L

g
i
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CHAPTER &

EXPERIMENTAL. MEASUREMENT OF. THE
FORCES DURING DRILLING .

5.1, Experimental Measurements of Cutting Forces .

In all c_onventior;al machirniing processes, the experimental measurement
'ot: cutting forces enables ~one to comment on the qualitative and
' qua.ntita't'ive mspe(:'{:s~ of
" i)  the de;ign of. the cutting tool e
it) = the process‘ parameters \ |
iii)’ and Ithe performance of the m&hine, tool itself.
The resultar;t cutting forces are closely related , to‘cu"cting-edge\ geometry,
tool and ‘wc:rkpiece r_nater‘ia)’s, feed. and speed, the rigidity and power of

“the machine tool, and so on. And in a' closed loop fashion all these

factors “together determine the quality of the machined surface.
- " N

I3
{

In drilling, the measurement a.nd understanding of the cutting forces
t

is most critical because, as described earlier, the severe, cuttmﬂmechamcs
generate large “forces on the tool. In addition; since a drill is inherently

slender, the deflecting" forces of cutting directly affect the 'qixalif;y of the

&

hole, in spite of a fig!d machine.

—-

S e

[ 27

»



~.84 L i .o

4

~N

LY

The. direct measurement ‘of the cutting forces at their origin is .

impossible, t‘herefo'rg' 't:lie' rea.ct'torlxs a:ire‘ r.nea;sured ;g_t?some distantl pia.ne:

So, a mea.s;ui;g system is ;equirt;d which. mea.surés the forces aocurp.tgly,.‘
AP o “

'in;iepenaent- of the point of applicatipn of the .forc‘es[l}.-‘ Suph a ‘system

has three basic parts, [2] .as shown b;r the schematic of figure 5.1 : '

1} . . T

F -

i) A detector transducer stage where the physical variable (such as -

force, acceleration etc.) is detected. The detection automatically
causes a proportional change/output of .some measurable quantity (e.g.

charge, displacement._etc.). ,
'. L} A - \
. ). .~ e ot =
T . - £
T . Lo . ' ' - ‘ )
ii) " " An intermedidte ‘sifnal conditioning, stage which. involves one or more

2

.of the following changes- Conversion ' to another 'phy,siéalﬂ;griable,

gignal amplification, filtration, modulation/demodulation, stabilization

, o .. ]
etc.. . - ‘ .

1
t

iii) A .read-out stage -using analog “or * digital instruments 'fo_r reading,
‘recording and monitoring the output signal.

~

In order to obtain true measurements, the measuring system should

» *

satisfy the fé_llowing requirements [1] : .

N

i)  Original rigidities should be maintained, if not exteeded

~ -

(

‘ii) Dynamic characteristics should be as similar as pessible to ‘those of '

n

the original set-up

A
'n
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. e . A
iii) The mounting of the tool. or the workpiece’ should be as close .as -

) -
A -

- pos:sible1 as before .
]

!

iv) Frequency response should be as wide as possible

v) Cross-talk between components of the forces and moments should be

"
4

minimal , ‘ *
~ o N A . ' . ;
vi) Sensitivities of transd\ﬁirs should. be unaffected by time, temperature

and mounting. of the tool and workpiece - e

V)

/\ .
vii sigh resolution, that is, the capability of ine'aswg small variations

P

\,

viii) Non-critical adjustments of zero-points, sensitivities, measuring ranges
.

and so on. -

5.2 Transducers to Mea¥ure-Forces
- : . :
‘ '. ) 5

——

Forces and moments are measured by transducers that employ various

principles of operation. Common among them are

.Strain gage-based transducers in' which minute changes in electrical

(e
—

tesistances is detected and amplified through a bridge circuit, to

" produce a proportional voltage output.

“

i) Capacitive 'load cells wherein .the measured forces produce deflections,

which change the gap- capacifance between two elements,and this ‘is
"\

o

; +~ein an important force or moment <

AN




N

-~

¢ U '
. .87 o
suitably-méter'e"d.) ’
v ' - -
4 o o .

iii} Piezoelectric transducers which are described below. , .

3 a

Piezoelectric transducers are the _most widely used force sensors today.

Their operation is b‘ased on. the property- of certain ;rystalg (#nost
commonly, Quartz) that electric charges .a.p‘pea.r .on their surfaces under
x';xechanical loading. The electrical charges are collected with elctrodes and
t'rqnsformed by a cha.fge amplifier into an analog voltgge signal.
Individual transducers (or ‘load washers’) are made by mounting suitably

cut quartz elements in a stgél housing. Elements sensitive to different

.

orthogonal normal and® shear directions can be cut and mounted in one ,

unit to make rg;ulti-componept load washers[l]. In order to be used, load

‘ 3

~ yashers require. to be held /by a specified combressive pre-load. Complete,
. ‘ o 1

ready-to-use dynamometers are also available.

-—
L4

Piezoquartz force transducers offer excellent rigidity and dynamic

een’

response. Load cells measuring up to four components of. forceg and/or
X\{

moments can be had in ‘compact units, with minimal cross-talk

~ the various measuring axes. Qpasi-static forces can also be measured by

y R \

increasing the system time constant at the charge amplifier. For these

-

reasons piezoquartz transducers are particularly popular for measuring

forces in metal cutting.

t
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Y 5.3 ° Experimental Sétup \
, . o T
' B £ : e R
' The experimental set-up to measure and record the cutting forces in

-

., ‘dril!iﬁg (ﬁgureé 5.2&,' b, and c)‘consists of the followir;g componénts - -

o

»

a) The radial drilling machine

v -

-

b) The dyn;r_nometer‘ ' T
¢) Charge amplifiers

d) An X—Y-Z compensator

e) FM magnet{c taperecor;ier \,_—\'

f) Digital Voltmeters

) . . ‘}- s

g) An FFT analyzer - < \

'Y -
4

The radial’ drilling machine has a 14 horsepower capacity and is

% . A Qa M
equipped with auto-stop depth setting. It has six choices of feed, from
& R : ' A kY .

0.0016 inch/revolution to..0.016 inch/revolution. FEight choices of spindle

speecds between 340 and 2700 RPM S.re available.

5.!4 .Drillihg Dynamometer

Pl
Put]
~

- Two orthogonal components -of radial (or- ‘drift’) forces, a thrust force

-

N

- N - a 1
and a torque are required to (be ‘measured. These force compgnents

. cbmpletely déscrige the force system in drilling (figure 5.3). Most readily
’ available drilling dynamormeters measure merely the torque and the, thi;xst
forces. Theréfore for the present investigation, a dynamometer was

"gpecifically designed and built using two available multi-component load

®
"\

.o
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washers.

Figure 5.4a shows a schematic of the dynamometer in cross-section.

e

The 710917 load washer measures the two in- plane radial forces E‘x and

L

Fy, and .the thrust force F . The smaller load washer (Z9065) measures

%he torque M'. Tables 5.1 and 5.2 describe the main speciﬁé;tions, of the

-

load washers. The \ massive bottom and middle plates ensure minimal
deflections under the large compressive . pre-load (157000 pounds) specified

for the Z10917 load washer. - The pre—lo;d is achieved with a calculated
. . - R

" amount of torque applied’ evenly on six bolts by means of a metering

torque-wrench.

The Z9065 load washer is- compressed to 27000 po'u\nds_ between the
middle and the top' plates, also by a'p;:lying 'a specific amount of torque

on six bolts. The fo,ur“bearing surfaces: of the pre-loading plates ‘are

‘guiface—ground to ensure uniform load distribution. "The top plate has- an

. axially centered .threaded hole to allow the workpiece specimens. Fiéufe

-

5.4b shows a pictoria] view of the dynamometer.

<

The function of the charge amplifiers is to convert the chargeu‘putputs

i

from the load washers ‘into proportional voltages using the - respective

charge sensitivities. "*;I‘hye amplifiers used in the experiments “were Kistler

. model 5001 or. similar types, wherein the load washer charge sensitivities

can be directly dialed in. Output voltage amplifications can be achieved

with a large choice of steps.

P
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\Table ‘5.1

- ..

. 95

AN

~

(3]

Speciﬁcz;_tidns. of load- ééll Z10917. .,'

SPECIFICATIONS

-,

-

210917

Measuring range’ F, F, kb =1,
\ + klIb =90*
Overload- % 20
Maximum normal force kib 70
: Maximum moment M, & M,, fub /E:LBOO & 5,200°
Resplution b 0.002
Ser\smvuy (nom b Fo & FJl pC/b -9& ~16 .
A pCftlb [ =2
Lineanty %FS <=7 -
Cross talk. Fy Fy . %y, s:2
. oy’ F % s=3
F,—F,y - % sz
Operating tamperature range c - ~-50 to 150
Femperature sensitivity shift % T 0:02
. Capacitance pF 2,360
L Insulstion resistance . n »10"?
Weight g . . 2,500
A P

. L)
~ Table 5.2 Specifjcations of load cell Z9065.m .
SPECIFICATIONS 9065
Measurnng range: F, b \ " 724,500
N eib =148
* Overload % % 20
Maximum normal force ) 32,400
" Maximum moment M, M, " ft-ib =148*
Maximum tqtal lh‘l! F b =2,700*
\ Resotution: F, ¢, Ib ~0.004 ,
M ‘ in-ib ~0.002
Senaitivity (normL.): r pCIb -8 )
M pCiin-lb -18 /
Linearity & hvstornal %FS s+10& <10 .
Cross talk: Fy — Mg & Fy Fy~ M, in-ibrib: %=0.008 & ~=0.04
M, —~F, . Itvin-1b £=0.025
Fu, Fy— Fy % . %220
Rigidity: x, v, & x dlmcﬂom Ib/uin ~74&~37
-~ ~  torsion z axis ‘R-Ibvm rad ~368"
Natura! frequancy (nom.) kHz . 40
Operating tamperature range ‘. -196 to 15Q
Tempsrature sensitivity shift -%*C £0.02 N
Shock & vibration N . © <2,000
Capacitance (sach channel) pF 350
Insulation tesistance n >1003
Weight : . Lo 9 150
*Standard mounting with 27k I prefosd . )
—_— 5

S
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Measuremént of fast-varying gynamic processes, which is- the main

. application for piezoelectric transducers, is done with a ‘short’ time

constant setting. Selection of a ‘long’ time constant instead, allows the
measurement of quasj-static processes.

A}

. The function -of the X-Y-Z compensator is to nullify ‘therundeuirnbl:!

cross-talk betwieen nominally independent measuring channels. Since only °
[ TR

" three channels can be accommodated on the coxﬂpensator, the thrust

- charge ampliﬁerp are connected to the inputs of the c%mpensa.tor. Any

1 -
.

desired. -portion of the ‘output- voltage of any one channel may be tapped
and fed as a compensafion -signal to the input of the other channels [4].

When this _is done for all three (chanr'xels, the outputs from the
by L3 ) ) . ! i
compensator are the true measured forces along the respective axes.

¥
L] -~

" The FM taperecorder stores the four channels of force signals

" -measured, on a magnetic tape, to be retrieved repeatedly for analysis later.

-

The FFT analyzer is a tool for dynamic signal analyses, used at this

stage merely to monitor the force signals during- the experiments.

The sensitivities and other spec’iﬁC#tions éiven in the above tables are-

only nominal values for’' the load washers. In practice, the design of the

" dynamometer, the value of pre'-load appiigd and other factors affect the

N

static and dynamic performance of the dynamometer. -. Therefore, a

»

thorough calibration of the dynamometer-workpiece system . is impérative.

.
!

. channel was excluded, from the compensation process. The outputs of the .

&
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The calibration -procedure is two-fold : \
i} Static calibration

. * ii) Dynamic calibration

5.5° Static Calibration of the Dynamometer

. :
. . )
\ . \ . .

\

" The purpose of static calibration is to establish the relationship

between the input variable and the outputs of the dynamometer. In other

words, the charge sensitivities, of eath measuring channel is to be

established. In additio
c_hannels is also establishéd so{that compensation can be: effected.
~a h‘ Y ' «-\ _ K —

the extent of cross-talk between Je meisﬁ;ing

. ) . & .
The procedure basically -involves applying known values-of the input
. , : A ”

force variable with a set of calibrated weights or other means, and

measuring the voltage outputs from all cl\annels. 'Due to the high

-

. i ."‘\’2@\%\

insulation resistance of the load washers and also the ‘long’ time constant

setting, sufficient _time is available for reading ‘the voltage outputs

accurately before they decay. The actual charge outputs of the load

washers are calculated using the following equation:

.'Q =8, S, V. ) (5.1)

where a o N |
| Q = charge output of the load washer, pCb .
S, = 'voltage sensitivity égtting, Ib/volt

S

c

nominal charge sensitivity setting, pCb/lb
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V = voltmeter reading, volts.

R . R N /
‘The charge values are then plotted against the corresponding input force

r

values to obtain the calibration curves.- N

®
\\ .
\ . —

5.5.1  Static Calibration Along the Thrust Djrection

In order to apply the relatively large calibration load required, ‘a

. 4

. [ 3 ‘e
TINIUS OLSEN tension/compression tester was used. Figure 5.5 shows a

schematic of the- calibration sét-up. A workpiece specimen was put in
. , e
place to imitate the drilling set-up as nearly as possible.

Readings were taken during loading as well as- unloading cycles, and

‘

repeated readings . were taken to ensure consistency.. The charge outputs

-

so, obtained were plotted against the applied load to obtain the calibration

- "

graph- of the thrust channel as shown by ﬁgu;e— 5.6,

As seen in the graph, the inppt-outpﬁt relationship is highly linear
. with no hysteresis or off-;et errors. It was also obsérved by tests that
'the cross-influence of .thrust on t}‘le' other three channels (F, Fy '& M)
was negligible and thqs has 'ﬁot been reported here. The equation shown"

on the graph describes the input:output relationship, with the coefficient of '

the first order term being the cliarge sensitivity.

5.5.2. Static Calibration along'Shear. Directions

2 B

The dynamometer can measure two orthogonal, in-plane shear forces
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Y e (=

TC; ~'Tension / Compression tester
CA: Charge amplifier
[ ] DV::' Digltal Voltmeter

x .

Figure 5.5 Schematic : Set-up for static calibration along axial
direction. -
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Figure 5.6 Static. calibration : Thrust direction.
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A N

F, and F,. Calibration along “these directions was carried out using a set

of calibr;ted dead weights. The dynamometer was mounted with its base

on- the side of the machine table (figure 5.7), with the measuring axis
- \\ ) '.
aligned vertically. The weights were hung from a short stem that
simulatés the work $pecimen. Discrete weights were added and the voltage
e

outputs of all cHafnels ‘noted. The experiment was repeated for the .

second shear axis.

’

Figures 5.8 and 5.9 are the direct calibration’ curves of .the ghear
force channels. The mutual cross-influence of the shear channels, and the
influence of the shear channels on the torque and thrust channels were

investigated and found to be linear functions of loading.” Table 5.3 shows

. ¢
the percentage cross-talk .values of the various channels.

5.5.3 Static Calibration along Torque Axis

-4

The calibration was carried out in the same set up as that of
shear-calibration, exc;apt that the loading was applied eccertrically, on a
moement arm. Fi;g'ure 5.10 show;s the calibration graph. Bec&.t'xse of the
moment being applied with a single' force on‘ an arm, "2 resultant .a}iear
force is_ automatically read by the dyﬁagnometer (application of a ‘pure’
\torqué by means of a shear force couple, requiresn-ah elaborate cglibratioln

\fixture). Therefore the cross-talk of torque on other channels has been

~assumed to be minimal and ‘omitted.



- 'D: Dynamometer
W: Dead weights

K CC: Compensator:

DV: Digital voltmeter’

DV
Bll e - e

L 1.

Figure 5.7 Schematic
> directions.

Set-up for static calibration aldng shear

0.0

e

y= -2.79418572x A=1.00

_ +500.0

\ "

CHARGE pCb

1000.0 —
3
-1500.0 -
£
+2000.0 v — v - v
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Ty

LOAD Ibs A\ \

Figure 5.8 Static calibration : Shear axis - Fx.
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A

°

%

Static calibration : Cross-talk inagnitﬁd&n

N

' cpapnél

Cross-talk magnitude

n

Fy on Fy

0.095 1b/1b

'Fy on F 0.017 1b/1b
y on Fx . /
& b .
Fx On Mz" ‘ 0 . 14 lb-in/lb ’
Fy on M 1.2 lb-in/tp % ‘
. Fy on F, 0.26 1b/1b.
Fy on Fj ' 0.035 1b/1b
&V’ T oo
o )
w ‘ . RS ' o -
% \ ,
~ & A
1y \~ N \; .
kg ] '
&, B
' ‘ ¢
) ":‘ .
4. Y [} . |
S >
. . N i n;



5.544 Cross-talk Compensation

After- establishing the direct and cross-calibration of all channels, the

procedure was repeated to make the settings on the X-Y-Z compensator to

minimize the cross-talk between channels. Since the compensator has only

three channels; ‘the torque channel and the two radial force channels were

chosen, and {he thrust channel excluded from the compensation process,

This choice wag based on the following factors :

1)

their measurement is\ essential. ' Therefore, the cross-influence of other

iii)

e

~

N

The magnitudes of radial forces are small in ‘O¥illing and accuracy in

channels on them must be minin_liz'ed by compensation.
: | .
From the results of static %&libra,tion, it is seen that the torque

measuring " channel. is strongly influenced by shear force 1“y (1.2‘

Ib-in/Ib), and must therefore be included in the compensation process.

The thrust channel reads a significant portion of shear force F,
(about 25%). However, due to the high thrust forces and low radial

forces in drilling, the actual error caused on thrust i‘eadings is very

Q

low (about 2%). Therefore, the thrust channel need not be

&

compensated for ¢ross-talk.

~

Loading was applied to each of the three loading axes (Fx, Fy & M.) and

e

the appropriate potentfometers tuned until the aross-talk véltages on” the

¥
[

othei' two channels (at the outp% of the compens;.tor) were nullified.

- - ° iy
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$.6 Dynamic Calibration

Static calibration . would be sufficient when measuring quasi-static

- s processes at best. But the measurement of fast-varying processes requires

>

A

an understanding of the dynamic characteristics of the mnieasuring .system

and the original system. -The piezoelectric dynamometer is a multi- E

A

element system which experiences natural vibration phenomenon under the

fluctuatipg cutting forces in machining. Such vi_br.atory behaviour may

L d

cause ¢

i)

iii)

!

error in the measured values of forces

. - \
distortion of the frequency content of the force signals due to a
mix-up “with thé system dynamics .
. ' >

alteration of, the cutting process itself in terms of 'change in

parameters such as depth of cut, feed etc.

Therefore, a thorough- dynamic‘ calibration of the dynamometer,

workpiece, and machine-tool system along all measuring axes was carried

out to ascertain the following ' .

- i)

%

Accuracy of the measurjng channels under dynamic conditions

the dominant natural frequencies of the system, so as to determine

the usable frequency range \
. -
the extent of cross-talk between channels under dynamic conditions.

[}
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v \ N - )
TH® procedure. basically consists of a frequency response test wherein,

0 \\ .
sinusoidal forces of known magnitudes and frequencies are applied and the _
.dyna.mometer outputs compared to the iﬁput. The resonance frequencies -

are reconfirmed with transient excitation téests.

L)

5.6.1 Experimental Set up for Dynamic Calibration

The experimental set up for dynimic calibration cor;sists of the

following (figure 5.11) : L
1

, - : /

1. Electrodynamic shaker

2. Exciter control unif

3. Reference transducer

*

4. FFT analyzer ‘ '\ ; ,

. /{l\l Plotter. . o ' '

The shaker is an electrically driven linear actuator :wh\i\ch outfmts

oy

"

force signals. It 4s controlled by the Exciter-control unit, using the

reference transducer for feedback. The control unit also éenprates the
source waveform which is then amplified to. drive the shaker. A Bswept

frequency sine wave signal is ‘used as input to the dymimoirnete'r and its

outputs are fed into the FFT analyzer. Using the output of the_ reference

transducer as the standard, the FFT analyzer computes the

o

: . : ~
frequency-averaged ratiyf—-putput to input across the dynamometer. The ~

/

/

computed function” is then plotted by the digital plotter. - - /

e

Y
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~

" The- frequency sweep range for ‘all ‘test.s was selected to be between -

10 Hz and 500 Hz. This choice is based on the results of a previous

investigation [5], which showed that most of the power in drilling forces is

distributed within 200 Hz frequency. -

5.6:2 Dynamic Calibration of Shear Force Directions

Figures 5.12 and 5.13 show pictbrial views of the set up for dynamic-

' ’ U T
shear force calibration. The. shaker spindle was aligned along the shear

axis to be calibrated, and both the dynamometer and ‘the v,éhaker cla.fnped

|

rigidly to the machine base. A short stem was affixed on the- .

-

dynamometer, simulatingﬂ the workpiece, and the shaker -spindle connected -

[ .«
i my

}o it through the reference transducér. ‘ ¥

-

The frequency s‘wee\p was applied ". and the averaging p\roce‘s;s‘
commenced simultaneously on the FFT analyzer. Thg\ prbcess was
continued until no change was observed in the computed t’ransmissibility )
function.  First the direct calibration was computgt‘i and then the

cross-calibration on the other channels was cond}xcted.

» ‘ \ - - .
Figure 5.14 shows the direct calibration graph of shear force channel

Fx. The peaks signify the resonance frequencies of the system, .one at
"about 360 Hz, and a more prominent one around 450 Hz. Behind these
resonances there is a flat region where the. transmissibility ratio remains

unity. This means that in this range, the dynamométer measures the

-
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Figure 5.12 Photograph
. calibration.
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Figure 5.13 &gtograph : Set-up for dynamniic shear calibration.
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forces faithfully. Thg sharp peak around 4 Hz seen in this and “other

graphs, #vas found to be® due to the switching pulse of the averager.

-

The, cross-calibration curve of Fx on Fy (figure 5.15) shows resonances
identical to the direct . calibration “and the magnitude of cross-talk is
generally found to- be low. The cross-calibration on torque channel (figure
5.16) also shows minimal cross-talk and the same resonance frequency.

"The direct and cross calibration procedures were repeated for the

‘ . M

y-axis of the dynamometer, figures 5.17, 5.18 and 5.19 show the calibration

curves. : "

5.6.3 Dynamic Calibration along Axial Direction

A

“a

For calibration along the axial direction, the dynamorﬁéter was
clamped on the machine table and the shaker was held in an overhung
structure. A sinusoidal sweep Was applied as before to establish the direct
caiibration shown in ﬁgﬁre 5.20. Because of flexibility "in  the
shaker-support, clearances at the various joints etc., it was not possible to

align the shakef spindle to be perfectly parallel with the F, axis of the

dynamometer. This invariably caused the shaker to’ apply force

~

.compor{:‘a‘nts in the shear directions. Therefore the cross-talk 'calibration of

thrust on radial force chinnels was not attempted. Cross-talk on the

torque "channel was ‘investigated and found to be minimal.

%
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5.6.4. Dypamic Calibration along- Torque Direction “

.

Dynamic torque was applied by connecting the shaker to the
dynamometg through a’ momegtfarm. A frequency-swept torque was
applied and the ?esponsé investigated. Figure 5.21 is a piot of the
function, and it shows a dominant resonance around 175 Hz. But this
resonance was suspected to be that of the'momé'nt arm and the mounting
fixture on it, as they were vibrating noticeably.” In order to find out the
true resonance frequenaey of the torque channel and as well reconfirm those

of the others, impact tests were carrigd out.

5.6.5 Resonance Frequencies with Impact Tests ,

" i b8

.-In order to -eliminate the possible interference of the shaker itself on

e ) . \l
the frequency response of the dynamometer, the resonance frequencies were

“reconfirmed by transient excitation with a light steel hammer.

-

Figure 5.22 shows the instant spectrum of the ‘torq{ channel output

due to a torsional irﬁpact. It is seen that the true resonance frequencies

-
-

“

of thé torque channel are 350 Hz and higher.

Similar impact tests were carried out %n all dther channels, the -
L 4
results reconfirm the resonance frequencies to be as ‘obtained by the shaker

tests. Fiéuré 5.23 shows a s;mple calibration, for the shear force direction
~ .

F_.

x . ;

- i
B



2
.
- -
[
.
'
~ .
e —
Y

‘ Q
' 4 } { et 4 4 } -
10.0 ) —
”
-y N -t
- N
o '
» ! -
o - .
» el - ~f
1, .
L]
L -
t“ - e
[
g
3 ] , i
b ]
~
o‘ - L
. B . , :
£
t
1o —\
Fl .Y 1 1 L L
¥ T L) s v ~ T L4
Frequency Hz ’ C 500
s ' -
- ’?\

Figure 5.20 Direct dynamic calibration : Thrust axis Fz.

— 1 1]
* L n I " e 4 I i i
20.0 L Al - T T 12 s Y
K .
- , ——
- - \ —rie
. » %
AN
) t
Q
-+ -+
&
[
3] \ 1
3 ‘ o
a .
a d L -
< ’ R
Y -+ \/ ) -+
5 < 3 4 4 ’V\:\ ) — n M
T i L . 1 R N 1] L
Frequency Hz C 500

Figure 5.21 Direct dynamic calibration : Tox‘;i}u.é, Mz.




s ~ . T
o~ 116 . :
* . k X )
%
| -+ + ey i '
" _J * 5 .
’ A
[ g - ' ‘ ¢ b L \
=
o !
n od . i
oo l - + ,
E ad
4 =
— \
-t B ‘ \ ) qL:
r “n . . . N
5 S -»v*’”’“”"/f/\/‘:\/“
o A . B .
————t + ——t et t——t N
\ « Frequency Hz . 500
! s . ) . ‘s
Figure 5,22 Transient response test : Torque, Mz direction.
, : \ S ®
4 { A Y ¢
| * ' & .
L S S S S SRR
\ L / :
] Voo 1
\ \ N .
1 i
] N . L .p L
. ‘ N N ’
% - - -, T -
o 3 “ N ® " [
ie)
- K
—t
. Q.
. g .
nd <
= 2 4 b 4 4 4 4 + - ‘
" h ' Frequency Hz 500 ’
» N i ' B :
B ' ' . vy
‘ - Figure 5.23 Transient response test : Shear axis - Fx. o
LN 3 A 1
A \ - \ /

,
1
St



investigation.

N

0

117

3

- ——

5.7 Usable 'Frequency Range of the 'Dynamometer‘

An" examination .of the dynamic calibration plots enables us to make

«

the following comments :

"i)  The first 's‘igniﬁcdnt resonance of the dynamometer is around 350 Hz.

Another, more dominant resonance occurs around a frequency of 450

Q

Hz.

i

--ii)  ‘Flat transmission’ with minimal amplitide errors is seen fo occur in

n @

all channels between 0 and 200 Hz. Beyond this raﬁge there is a
.

gradual distortion of the signal due to resonance.

v B
. \ . 4 -
iii) Cross-talk between .c\l\lanr;els is found to be small in general, table 5.4

lists the awverage values.

Tt can be concluded that the dynamometer senses and faithfully reproduces

the cutting force components in thé frequency’ rangé of interest in this
¢ . X

5.8 ‘Desig‘n of the Experiments
‘ \ .

The drilling exf)erinfents have been desiéned so that the information

\

. ' ~ v I
sought in the investigation would be clear from the results. Yet the tools

a.n,d process parameters chosen, X’Qect the conditions® encountered in routine

drilling . practice. . .

o
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Table 5.5 gives details of the experimental conditions and- paratneters;:—

chosen. The two sizes' of drills selected are commonly used“ in* drilling

W,

practice (6] as well as in past drillix(g research. Taper-shank ends were

[

chosen to minimize drill axis run-out. The spindle speeds selected give

5
¢

cutting a speed of about ‘70 feet per minute. These lower-

) v

" than-recommended speeds (7] were used since’ no coolant was applied. The.

.

feeds used are recommended values for the partiéular drill sizes [7]. The’

‘2-step’ feed consists of starting the drilling with a slow hand-feed, and
v after the drill—ti;; enters the workpiece, automatic feed is engaged.

. v
The criterion behind the pilot hole sizes selected was explained in

chapter 4. Only one axially-centered hole is drilled in each workpiecg'?

This avoids the problem of mis-read férce components that is inevitable
when drilling several holes in a single We (for example, radial forces
read into the torque channel due to the eccentricity of the hole from the

dynamometer " axis).

5.9 Experimental frocedure

\\‘ . :

\In setting up the raglial drill for the experiinents, the arm position
on the column and the drilling-head position on the arm, were kept at
their lower extremities to ensure machine rigidity during drilling. lThe
dyna',m<‘)meter and th-e workpiece on it were rigidly clamped. 'I;he mach“i.ne

and the instrumentation were giv¢n a sufficient warm-up period before

commencing the experiments.
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Table 5.4 Dynamic i:ali_bra.ﬁé)"?f : Cross-talk magnitudes.”
o . P
R . Q «
" . Channels Cross-talk magnitude
., Fy on Fy 0.10 1b/1b
Fy on F, 0.18 1lb/1b
Fy on M, 0.15 1lb-in/1b |
Fy on Fy 0.03 1b/1b
Fy on F; |  0.03.1b/1b
) F, on M, 0.07 1B-in/lb ‘
3 - ) )
N * + ‘ Lo | . ‘ ~ o

Table 5.5

Experimental parameters chosen
,n

-

Drill sizes

1/2 and 3/8 inch diameter. HSS, tapershank
regular helix, jobbers length drills

Feeds 0.0045 inch/revolution
0.007 inch/revolution ° -
2-step feed (0.007 in/rev)
\ .
Speeds '1/2" drilling 531 RPM

3/8" drilling : 723 RPM

Pilot hole
o sizes !

1/2" drilling : #28 (0.1405") and
#9 (0.196") ‘

3/8" drilling : #10 (0.1935)

Workpiece\

AISI 1020 mild steel, 1.5"»dia. bar stock

+
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. 4 . * .
Several - trial holes were drilled to ‘break-in’ the new drills used, and

also to verify the functioning of the dynamometer and the varjous
Ay

instrumentation used. The drilling experiments were then ‘commenced,

‘Q

carefully monitoring ';the force signals, the chip flow out of the ﬁole, etc..
In required experiments, the pilot . holes 'ivere drilled and the full ﬂoles
drilfed in the same et up to ensure concentricity. Each distinct
experi.ment ‘was repeated tl}ree times, .once ' to measure the static
components of all forces, and twice to measure the dynamic components.

With each change of voltge 'sensitivity setting, the "~ compensation ratios

Y

were appropriately re-adjusted. >/

. -

5.10 Conclusions

A methodology for the measurement of the cutting forces' in drilling
is presented. The design of the piezoquartz dynamometer used for the
purpose is detailed. A thorough\ static and dynamic calib.ration' ‘is cg.n:ied
out. The frequency response measurement reveals _thztt fluctuating
components of the drilling forces can be measured without distortion up to
200 Hz. A three-channel compensation procedure is employed to minimize

the cross-talk between measuring channels. A detailed description of the

experimental variables and procedures is also presented.

-



CHAPTER 6

/
. )

DATA REDUCTION, ANALYSIS AND DISCUSSION
OF EXPERIMENTAL RESULTS

.
»
-

The previous chapter B Qes'cribed the equipment and procedure for -
measuring and jrecording the cutting forces during the drilling experime:nts.
This chapter presents the analygs of t'h’e recor_ded signg.ls and a detailed
discussion of the result; relev#r;t to the various objectives Lof this

b3

investigation.

Figure 6.1 sh’ows a schematic of the set up used for the analysis of
the force signals. The signals recorded oh magnetic tapes are played back
on the FM recorde‘r and fed into the FFT analyzer, wherein the signals
'pre analyzed for time, frequency and statistical characteristics. Tl;e results

of such an analysis are plotted using the direct digital plotter connected to

the FFT analyzer.

¥ 6.1 Analysis Procedure

N *

2

" There are two major aspects in the analysis of the force signals;

1) Static component analysis

2) Dynamic component analysis.

%

Static component analysis is performed on torque and thrust signals to

’ 1
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.

‘determine the steady or ‘DC’ values of the forces. The FFT analyzer

inputs are set in the DC mode and a very low frequency range (5 or 10
Hz) k*is chosen.” This gives a large time window (40 or 80 seconds) so

that the general trend of the signals‘ can be observed.

Ky
- 4

.

The dynamic component analysis is performed on all four force
signals (F_, Fy, F,. and M,). Three major characteristics of the
fluctuating components are observed, g

1) Root Mean Square (RMS) spectra

2) Probability density analysis -

3) Auto Correlation functions

" The PSD function Sf(w) or mean square spectral density function as it is
¢
also called, is a distribution of the mean s&uare values (MSV) of the

variable in the frequency domain [16]. Therefore,

.

MSV = E[x] = ofsf(wj dw (6.1)

¢ 5

The RMS spectral density function is a distributiof of the RMS value of

the variable. Therefore the two spectral density magnitudesd are related by

w

ISRMS‘ = isf(“’”

The 'spectral density functions are computed in the FFT analyzer by
sta:tistically sampled averages in the frequency domain.  Therefore,
pirticular values of the function at dominant frequencies give a close

approximation of the actual signal amplitudes at those particular



i24
. frequencies.”  All signals in the present investigation had a dominant

frequency, relative to which the remainder of the spectra were negligible.

Therefore, values of the RMS spectra at these dominant frequmciea have .
1 ' ' ~ :

been used as an index of comparison between the signals.

. -

. The Auto Correlation Function (ACF) is* an averaged-time statistic

~ »
which describes the randomness of a signal and is given by,

R(7) = < f(t).f(t+7). >

)
e

where 7 is a time delay. The ACF -and PSD fuhctfons\ are Fourier

transform pairs such that,

i : . ©2)

93
b

Putting =0, we get '

R,(0) = < (t5> = Mean Square Value

A

The probability distribution function P(f) of the continyous random

variable f(t) is defined by
P(f) = Pl(t) < ]

The probability density function p(f) is the derivative of P(f).. It has

been shown by a previous researcher [5] that the torque and thrust f'orce‘

fluctuations in drilling are stationary random processes with a Gaussian

probability distribution, which is described by . ,
A
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. PO) = T3y exp [50) /o] (6.3
\ : /

where u is the mean value and\ o the, standard deviation. The above
" characteristics have been assumed to be valid for the torque and thrust
signals of the pr(?ggﬁ'f/investigation and comparisons are performed on the

basis of the standard deviation values.

‘In order to compute the above mentioned statistical properties,
data-sampling was carried out employing the sampler-averager in the FFT

'
analyzer. As established by the dynamic calibration procedure on the

dynamometer, a freql;ency range of 0 to 200 Hz was selected to analyze
most s'ignals. For radial’ force signals, a lower range was selected to suit
their frequency content. Selection of the frequen;y rangg a.u%bmatically sets
a particular data sampling rate of the averager. Therefore, the required
number of s\amples were obtained by repeated replay of the signals, with
cumulative averaging. Also the avéraging was carried out on signals of

single experiments (temporal averaging). This presumes the properties of

stationarity and ergodicity of the random process [16]."
6.2 Averaged Static Values of Measured Forces

Static values of the measured signals were obtained by time-averaging

- the’ DC signals. Table 6.1 shows the averaged values of the torque and

</

4

thrust along with the parameters and coding of the various experiments

with the half-inch diameter cirill.



' v

Table 6.1 = Static torque and thrust : 1/2-inch drilling. ’
’ . M
~ EXPT PARTICULARS THRUST TORQUE

CODE 1bs (N) lbin (N-m) |
H1-S | £ = 0.007 603 , T 94
H2-S f = 0.0045 405 73

éph = O (1801) (8.25)

, \

H3-S | f = 2-step 660 107

$¢ph = O (2936) ) (12.10)
H4-S f = 0.007 205 76

¢ph = 1 (912) (8.59)
H5-S f = 0.0045 140 i 55

Sph = @1 ' (623) (6.21)

N . ] \

H6-S f = 2-step 230 82

¢ph = 1 (1023) (9.26) }
H7-S f = 0.007 ' 142 . 66

¢ph = 2 (632) (7.46)
H8-S f = 0.0045 95 49 i

A Y

H9-S f = 2-step 155 72

¢ph = ¢2 (689) (8.13)

\ )

. '¢ph' = pilot hole diamgter ) . !

;
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Experiments 'Hl, H2 and H3 were done without a pilot hole. The
designations ¢, and ¢, for the -pilot hole diameter correspond to the
‘smaller than critical’ (‘wrong’ size) and ‘larger than critical’ (‘right’ size)

diameters respectively, as determined in chapter 4.
¥

6.2.1 Effect of feed on static torque and thrust:

1/2 inch Drilling
‘ %
A

It is seen from the values of table 6.1 that torque and thrust
increase drastically with feed. Amongst experiments of a given pilot hole
condition, an increase of feed from 0.0045” /re_v to 0.007” /rev, increases the

measured thrust force by about 50 percent and the measured torqué by

approximately 30 percent.

~

The feed method has an interesting effect on the n{ea.sured forces.
" The gxPeriments with 2-step feed are identical t‘o those at high feed,
except during the tip-entry period. However, the static torque and thrust
values in the two cases are not the same. The measured torque and
thrust valu‘/es‘ in the 2-step feea experiments are about 10 percent higher .

than in the corresponding high-feed..experiments,

6.2.2 Effect of pilot hole on forces : 1/2-inch drilling

v
Comparing experiments of a given feed with. various pilot hole

conditions, the following effects are observed on the measured torque and

thrust forces : Between experiments with no pilot hole and those with the

. TN\

te
3
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-

‘right’ size pilot hole, a drastic change in forces is observed. The web of

n

the drill together with the negative-rake region.of the cutting lipgy are

seen to ‘generate about 75 percent of the ‘measured thrust and 30 percent

-

of the measured torque.
\
Between experiments with two different pilot hole sizes, a 30 percent

1 N

decrease is seen in thrust. This is significant sinc; the reduction in pilot
hole diameter is omly. marginal.  Correspondingly, the torque values

decrease by 14 percent. Figure 6.2 shows the' variation of static torque

~

and thrust for various pilot hole conditions.

~

6.2.3 Effect of feed and pilot holes on static torque and
thrust : 3/8-inch drilling

Table 6.2 shows the parameters and the measured values of torque
. LI X .
and thrust in experiments with 3/8-inch drills. Two sets of experiments
were conducted, one without a pilot hole (expts. T1 to T3) and one with

a ‘right’ size pilotw hole (expts. T4 to T6).’ 5

L3 ]

. 4
Similar to 1/2-inch diameter experiments, an inerease in feed from

0.0045” /[rev to 0.007” /rev, increases ther static thrust by approximately 50
percent M;d. the torque by 40 percent. 'fhe feed‘ method has a simila'r
effect. The torque and thrust values are higher by 10 percent with a
2-step feed, and a pilot hole. ‘The increase is only marginal wilen drilling

without a pilot hole. . .
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Table 6.2

N,

b

N

hY

Static torque and thrust : 3/8-inch drilling.

L ¥

EXPT | PARTICULARS THRUST TORQUE,
.CODE » lbs (N) lb.in (N-m)
| m-s'| £=o0.0045 260 40
¢ph = 0 ¢ (1157) (4.52)
T2-8 | £ = 0.007 402 . 58
T3-S f = 2-step 410 . 61 !
¢ph =0 (1824) 16.89)
T4-S | £ = 0.0045 52, 23 -
T5-S | £ = 0.007 ) 78w 31
- $ph = 1 (347) (3.5)
"T6-S f = 2-step 86 34
N
N Y

w L e
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Again, a comparison of the two “sets of experiments reveals that
N

" approximately 80 percent of thrust and 45 percent of torque are generated
'

.by the drill-web and the negative rake re&on of the lips together.

&
The above observations _ highlight the - drastic effect of cutting

.~

mechanics in terms of normal rake angle, on the cutting forces generated.
Thus the basis of the pilot_ hole sizing criteribn, of chapter 4 is also

demonstrated: , .

N ] - \
3 -

6.3 stimation of Coupling <xltl\rror ‘in Measurgd Forces

In chapter 3 it was proposed that the torque—€hrust coupling effect’

; ¢
can induce torque and thrust forces which add up with the true cutting

forces during drilling. With some previous, experimental results, it was

illustrated that in solid drilling (thag is, without a pilot, hole) significant

“error can be incurred in the measurement of forque and. thrust.. Again,

the phrase ‘measurement error’ refers to the induced forces x’tiixed up with

the true cutting forces.
) i

The separation equations derived in chapter 3 are used again to

isolate the true cutting forces from the measured forces, and thus estimate

-

/
the measurement error in the present experiments. (

-

-
M

Tables 6.3a and 6.3b list the measured torque and thrust values, the ' ,

corresponding true cutting forces and the induced force components (‘error’) .

¢

fort the two drill sizes tested.

©



Table 6.3

i

Estimated torque and thrust measurement errors in full hole

drilling.

-

a) 1/2-inch drilling

132

N

»

CODE | 1b-1In | b 1b<in 1b ]
' ¥ Tp % Fp
H1-S | 94 603 79 482 16 20
1 I \ '\‘
H2-S 73 405 63.6 %08 l 13 24
£ % )
H3-S 107 660 91 521 15 21
’ .
Separation Tcut = 1.049 Ty - 0.032 Fpp
.equations Fout = 1.049 Fp - 1.597 Tp
b) . 3/8-inch drilling
CODE lb-1n 1b lb-1in 1b Error Error
N ! % Tm % Fm
¥
T1-S 40 260 37 172 7.5 33
T2-S 58 402 | 53.3 276 8.1 31
T3-S 61 410 %9.3 277 7.7 32
equations Fout = 1.042 Fpy = 2.467 Tp

oy
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The induced thrust or ‘thrust error’,: constitut; approxiinately 22
percent of the measﬁred value and the ‘t\.orque error’ forms about 15
percent, when drilling with a 1/2-inch drill. As noted in section 3.1.1,
the th.rust error increases for the smaller diameter (3/8”) drill, with the

] induced thrust at 32 percent of the measured value. Correspondingly, the
torque error decreases to about 8 percent. It is seen that the above

estimates of torque and thrust error are nearly identical to the numerical

samples computed in chapter 3, using previous experimental results.

\ n . \

When the induced forces are expressed as a percentaée of the true
cutting forces, " their prominence increases further. The ‘thrust error
constitutes 28 percent of cutting thrust for a 1/2-inch drill and about 48

percent for the smalfer drill.

A comparison of the above ‘true’ values of cutting forces reveals that
with an increase in feed, the actual increase in “thrust and torque vaiues
are’ apﬁ;imately the same percentages as those of the corresponding
measured values. The increa.s’e‘ in forces between the h"igh feed and 2-

step feed experiménts are also nearly the same.

RN

6.4 General Trend of Torque and Thrust Signals

Interesting "characteristics are revealed in the general trend of the.

r ~

static torque and thrust signals when each process signal is presented in

its entirety in a single time window of the analyzer.

”

]
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Figure 6.3 shows the typical trend of the force signals when drilling
without a pilot hole. It is seen that the static torque a.r\d thrust values
increase gradually anci continuously, throughout the duration of drilling.

The following is the reasoning behind the phenomenon.

<

Y

In dril‘lin.g, the chips produced at they drill point are removed from
the hole solely due to the pumpin.g action of the helical flutes. As the
drill penetrates deeper into the material, the chips have to be pu;nped a
longer di_s_tjance bemfore being ejected from the hole-mouth. This causes
accumulation of chips along the flutes. In man;lal drilling the problem is
remedied by frequently withdrawing the drill from the hole and then
re-startir}g. Ho:vever', in the present experi;nents each hole was drilled

entirely without interruption. This causes chip?clogging and hence the

gradual increase in torque and thrust forces.

{-

In addition, since the web thickness of a drill increases sﬂbstantially

%

towards the shank, the amount of. flute profile area available for chip-flow
is  correspondingly reduced. =~ This  aggravates the problem of
chip-accumulation and clogging as the hole depth increases, and further
increases the torque and thrust forces. _ Figure 6.4 shows a similar trend
in the torque and thrust forces while drilling with the smaller drill.

ig

6.5 General Trend of Static Forces in Pilot Hole Drilling

Figure 6.5 is a typical plot of the torque and thrust signals in
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drilling with pilot holes. It is clear that the trend illustrated is
drastically different from those of full-hole dtilling. Here the measured
static torque and thrust forces decrease gradually as drilling progresses and
reach certain minimum values in-some period of time. After this,-in most
experiments, the force values begin ’to show a gradual increasing trend

until drilling is terminated.

Figure 6.6 presents another sample of the torque and thrusf signals

' LGN —

in pilot hole drilling. The following is proposed as the reasoning for the
‘decay” phenomenon in the torque and thrust signals. In doin& 80, the

proposal has some significant implications, as seen further.
6.6 Mechanism Behind Torque-Thrust Decay Phenomenon

In chapter 3 it was argued that, owing to the coupling effect, the

cutting forces induce axial and torsional strains during drillgg. Because
(

the conditions in full-hole drilling restrain these induced strains, it was

proposed that siéniﬁcant induced torque and thrust may result instead.

H

In pilot hole drilling the absence of cutting at the web drastically

reduces the forces (especially thrust) and changes the cutting conditions

(rate of increase of thrust with feed). The result can be that the drill

. » -
encounters reduced axial and torsional restraint. -

When drilling commences, the restraint is sufficient enough that some

-—- -

torque and thrust forces are yet induced, leading to higher measured for(fes

~
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-

initially. | However, the reduced restraint is, ineffective in totally preventing
the induced strains. So the drill begins to expand axially and wind
torsionally. @When the drlill ‘relaxes’ in such a way, the induced force
reactions reduce correspondingly. Tﬁis process o’ccurs gradually due to the,

metal-cutting (plastic deformation) process acting similar to a viscous
1

damper in mechanical motion. As a result, a gradual ‘decay’ phenomenon
is produced on the measured force signals.

4

The deca,y' phenomenon continues until&t‘ll of the induced strains are -

b

_exhausted, at which time ‘the meastired torque and thrust values reach
certain’ mini;na.. The dforce valu‘e; remain stab}e for a qhort time as- seen
in the above figures. T}iénceforth, the force records show (in most
experiments') an increasir:g trend similar to thqse in fuii-hole drilling. The

latter effect is. again because of the chip-clogging effect explained earlier.

The above explanation of the decay. phenomenon implies that the
initial values of torque and thrust. in pilot hole drilling are aggregates of

the true cutting forces and the correspor&ing induced force components.
The minimum values attained by the forces at the end of the decay
process, may be considered as the true cutting components of the forces.

Therefore the amounts of decay measured coirespond to the induced force

components.

< "
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6.7 Torque-Thrust Decay Magnitudes : ,

u

.The initial values of forces, and the amounts of decay for -ali pilollz
hole drilling experiments ;re tabulated in table 6.4. As said above, the ..
i'inal values (minima) of the forces are regarded as the true cutting forces,

* and the - decay values (eciua.l to the induced forces) are ex.pressed as’

percentages of these true forces. * ’ 4

| 4

The maénitudes of torque decay at ;,bout 13 percent (8 percent for
3/8” drills), are seen to be .highly consistent amongst thg various
experimenis. V\fhereas,‘ the thrust decay values vary widely, ranging
between 12 and 50 percent of the ‘true cutting thrust force. - These
variations (or lack. of them) may be entirely attributed to the torsional
and axial restraint conditions during drilling. In this regard feed appears
to have an effect on the extent of decay. The high feed gxperiments
(including 2-step feed) show significantly lower values of thrust decay than
the low fe?d experiments. The reason for this is considered to be, that.

2

the higher static thrust values of the former, provide a higher axial

-

restraint against the induced strains.

4 -

Since according to the above proposal, the decay phenomenon is

K

actually the release of the indI;;:ed forces, it implies that “their ;nagnitudes
may be estimated: employing the force separation principle developed in

chapter 3.
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Table 6.4 Observed values of torque and thrust decay.
EXPT Ti Tg Fj Fg TORQUE THRUST
CODE |1b-in| 1b-in | 1bs 1bs DECAY .| DECAY
¥T¢ iF¢
Ha-s | 78 69.5 | 222 188" 12.2 18.0
H5-S | 56 49 164 122 14.3 34.5
"H6-S | 89 78 - - 14.1 _ NIL
H7-5 | 72 64 155 - ';139' 12.5 12.3 -
H8-S | 50 44 109 72. - 13.6 51/3,
H9-S | 74 67 - 170 146 10.4 16.0
T4-S | 25 ;3 57 44 8.7 29.5
‘TS-S 32 29.8 | -- - 7.0 NIL
T6-5 | 34 31.3 | -- - 8.6 NIL
"Ti', Fj' = Initial Qalues.of torque and thrust

'@1~Tf',‘Ff' -

v

Final values of torque and thrust

~

e,
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6.8 Prediction of Torque-Thrust Decay Magnitudes

The following aspects are to be noted before the analysis of chapter

3 may be applied to the task of predicting the torque and thrust decay

“‘

magnitudes : oo \

i)

Since the torsional and axial restraint conditions in pilot hole drilling
are deemed to be insufficient in 'preventing the induced strains, it
also implies that a portion of the induced strains may occur

immediately as drilling commences. That is, the drill may

instantaneously expand and wind, causing a ‘leakage’ of the induced
forces. This means that the initiall values of thrust measured
comprise of only a portion of tﬂe possible amount of induced thrust
corresponding to the cutti'ng torq‘ue. The same is true of the initial

value of measured torque. As such it would be erroneous to -use

these values to predict the induced forces employing the separation
N

equatlong. 0 ~

“ 3

By definition, the coefficients K, and K, relate the appiied and
induced forces. ‘Therefore a change in the torsional and axial
restraint conditions as described above, would automatically affect the
values of these coefficients. That is, the numerical values obtained
for the coefficients under the perfect restraint conditions of the static

tests, cannot be wused in the present case for predicting the

torque-thrust decay. -

&~
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",

Al

In view of ‘the above factors, the only means of prediéting the

induced forces (decay) is by using’the direct-force coupling equations (3.7

N

~and 3.8) of chapter 3. That is,

F,= K, T N (6.4)

1

T, = K2 F (6.5)

where the true cutting forces T and F_ are those measufed from the pilot
z

P

hole experiments. X

-

The coefficients K, and K, are re-computed for the pilot hole drilling

case, using one re{iable' set of e'xperimental méasqgements. Specifically, the

- force measurements of experiment H5-S (table 6.3) is used for 1/2-inch

.

- drills, which yields,

: - - . -l
K, = FJ/T . = 42 Ib/49 lb.mk.= 0.8571 inch - |
K, = T,/F_, = 7 Ibin/122 Ib = 0.0574 'inch
For 3/8-inch drills the measurements of experiment T4-S are used,” which

A

gives, - ) .

@

) -1
K1 = (.565 inch

K2 = 0.4565 inch . . .

>

| Using these values of coefficients together with the cutting torque ‘and -

thrust valués, the induced torque and thrust forces are .computed and

tabulated below. - In experiments where. no thrust decay was "observed

-




N

o

. 45 N
’ : . . N v
(H6-S, T5-S and T6-S), it is assumed that the initial thrust forces

a

recorded are the ‘measured’ values, F.- Therefore, 'F_  1is computed by

Eubtracting Fi‘( = K,.T,, ) from this F . Then the thrust error

ercentages are calculated.

.From the values of table 6.5, it is observed that the prédicted

induced forces (decay) are highly consistent amongst themselves, especially

that of torque. The average torque, decay predlcted for j}‘}nch drills
(124 percer:t) -agrees very y well with the expenmentallyﬁ)served a.verag;g
(12.6 percent). Close predictions are also obtained for the torque decay
values of 3/8-inch drills. E

Accuracy i.n thrust decay- predict"ﬁ)n’ is obtained . in low feed
experiments (H8-S). In the case of high feed experiments, the

Ay

experimentally observed decay values (table ‘B.4) ,are substantially lower
than ‘the corresi)onding predictior;s. The experimgnta.l conditjons 'a.s
éxplained earlier, are considered to be the réasﬁns' for these discrepaﬁcies,
That is, firstly, due to pa.rti’al expansion of the drill, t‘he measured initial
thrust consists of a lower amount of induced thrust. ‘Secondly, the higher
Qstgtjcu thrust in these éxperiments permits only a' small amount of a.xiil

expansion. The above two factors cause a lower thrust decay to be

apparent in the experiments. B

¥
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N

Predicted values-of torque and thmat decay (Induced force

Table 6.5
magnitudes).
' -
. ; |
B Tpee | Mt | B | Ibe | e | Tw
=T ; s |
H4-S | 69.5 10.8 188 59.6 15.5 | 32.0
H6-S | 78 9.4 163.2 | 66.8 12.0 | 41.0
H7-S | 64 7.9 138 54.9 12.4 | 40.0
B8-S | 44 4.1 72 37.7 | 9.5 52.0
Ho-S | 67 8.4 146 57.4 12.5 | 39.0
i : ’ =
» T5-S 29.8 2.8 61.2 16.8 9.3 27.5
Té6~-S 31.3 3.1 56.3“ 17.7 9.8 26.0

A8

Ter = Tind/Teut = Torque error

»
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6.9 Validity of the Force-Inducement Hypothesis

A
-~

From the experimental results of the pilot hole drilling tests, it is
clear that the torque and thrust dec’a.y phenomena are higﬁﬂy consistent.
Definite correlation is observed between the .decay magnitude of one force
and the final minimum value of the other force. Thus the coupling effect
is seen as the most plausible explanation of the decay phenomenon, as
presen'tgd in section 6.6. F"urther, the analysis of the preceding section
establishes that the torque and thrust decay magnitudes are accurately
predictable using the cor:cepts and results of chapter 3. Where

discrepancies are seen between the predicted and observed decay values,

credible reasoning is presented for the same.
\

The accuracy and consistency of the predictions is considered as proof
for the Hvalidity of the reasoning proposed for the de;ay phenomenon.’
More significantly, the results above are proof that indeed, substantial
torque and thrust forc':es are induced during drilling. To ’reiterate the
analysis of section 6.3, these coupling—ind;{ced forces form a significant

portion of the measured values in full-hole drilling.

6.10 Dynamic Signal Analysis

The fluctuating components of the forcef are captured by setting a

short time constant a.t the charge amphﬁer, thch automatically suppresses

. the steady (or ‘DC’) portions of the signals. ' The following is a general

|-
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' -
description of the #istica] characteristics of the dynamic torque and

thrust signals. Further analysis of these as well as the radial force signals
is présented later, in the context of the various objectives ’of this

investigation. - i

6,10.1 Probability Density Functions of Torque and Thrust

Y

As mentioned earlier, it has been_shown by a previous researcher (8]

: »
that the .dynamic components of torque~and thrust in drilling are
stationary, Gaussian random processes.  Therefore, the present Q\nalysis

presumes the randomness of the said force signals. - ~ \

Figures 6.7a and 6.';b are two samlples of the probability density
obtained for half-inch full-hole drilling conditions. It is seen that the plots
very closely resemble the bell curve of a Gaussian distribution'. The
distributions of torque signal show a smooth trend‘ throughout, whereas
those of thrust show a jagged variation. NThis trend is ty“pical of thrust
signals, as has been observed in previous investigations. Figure 6.8 shows

the PDF. plot for a 3/8-inch drill, and an identical trend is seen.

s

Intere:-;tingly, a similar analysis of the torque and thrust signals of

pilot hole drilling shows a drastically different characteristic. Figure 6.9 is
a sample PDF (experiment H4T1) and it is clear that the disa'ibution is
highly non-gaﬁssia.n. A similar b'ehaviour is exhibited by all signals from

pilot hole drilling.

]
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Considering the torque and thrust fluctuations (in full-hole driling) to
be Gaussian processes, the density functions are integrated to obtain the
probability distribution functions. The probabilities associated with the
occurrence of individua,h values can then be determined. The standard

deviations of the force fluctuations obtained this way are tabulated below

(table 6.6).

For half-inch diameter drilling, there is a very slight increase in o;
"and o, when feed is increased. But in drilling with 3/8-inch drill, the
fluctuating components increase substantially with feed. No ‘appreciable

difference is seen between the force-fluctuations of the high-feed\"‘a;nd_ 2-step

feed drilling.
6.10.2 Autocorrelogiafna of Torque and Thrust Fluctuations

An examination of the autocorrelogram gives further insight into the
randomness of a signal. Figure 6.10 is the typical autocorrelation function
of the torque and thrust fluctuations. A double decaying-exponential
envelope on the functions can be clearly discerned. A comp'a.rison with
standard autocorrelograms (figure 6.11) leads to the conclusion that the
torque and thrust fluctuations are narrow-band random processes. As
mentioned earlier, the value of the correlation function at =0 corresponds :

to the mean, square value of the signal.

.
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Table 6.6 Standard deviation values of torque and‘ thrust,
EXPERIMENT THRUST FLUCTUAMLIONS| TORQUE FLUCTUATIONS
CODE Standard deviation Standard deviation

og, 1lbs +O¢, 1lb-in
Hl 10.2 3.5
® v r . AN
H2 9.4 2.8—
H3 10.0 3.7
T1 12.5 3.3
T2 | 20.0 6.7
T3 20.0 6.3
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(a) Sine wave,

Ri(7m)

UMM AN,

o vvvvvwvvvvv

R(1)

(%) Sine wave plus andom noise.

4

(¢) Narrow-band random noise,

2

Ry(7)

. . .
(d) Wide-band random noise.
-\ Vo P,
. " —T I T T
- o””
. -—

Figu';e 6.11

Typical autocorrelation plots.
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6.11 ~Results of Pilot Hole Drilling Tests

Further analysis of the measured signals is performed so as to bring

out the effect of pilot holes on drilling forces, and in doing so, evaluate

L

the validity of the pilot hole sizing criterion presented in chapter 4.

The Root Mean Square (RMS) spectrum is the distribution of the
RMS value of the signals in the frequency domain. Individual values at
particular dominant’ frequencies in the spectra are directly indicative of the
magnitudeé of the dominant components in the force signals. Therefore,
the "RMS spectra of the torque, thrust and radial forces are com;;uted, ax;d

the magnitudes of the dominant peaks in them are used as the yardstick

of their comparison.
6.11.1 RMS Values of Torque and;Thrust Fluctuations

Figures 6.12 and 6.13 are typical RMS spectral plots of torque and
thrust forces in 1/2-inch drilling. As shown, the spectra consist of a
clearly dominaﬂt peak at a frequency of 12 Hz, rela’tive to which, the
remainder of ’tl;e spectra is 'of negligible magnitude. The spectra of all

the Eignals were seen to be very similar to these samples, differing only in

the magnitude of the dominant peak.

Figures 6.14 and 6.15 present two typical spectral plots of torque and

thrust in 3/8-inch drilling. As shown, a véry similar characteristic with

“identical peaks at 12 Hz were observed. This prompted the suspicion that

4

« -
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the peak at 1\2: Hz may be due to the radial drﬁling machine.

o

Therefore, a free-vibration test was performed to study .the‘latera_l
(axial dyirection of the rlrill) vibrations of the .ma.%hirle—tirrrx. Figure 6.16 is
a ‘plot of the vibration amplitude against’ frequency, n.nd it 'is ¢lear that
the arm vibration, has a dominant : natural frequency at exactly 12 Hz.
Therefore, it is concluded that the peaks at 12 Hz in the torque and

thrust- spectra are due to the machine v1bratnon

Y

The magnitudes of/ the peaks at 12 Hz can yet be considered as

P
T

being indicat'rxe of the stai)ility of the cutting process. Therefore these
magnitudes are usgd to study the effect of pilot holes on the torque and

thrust forces.

Table 6.7 lists the torque and thrust fluctuation magnitudes of all
experin:rents. The results are grouped accorldir}‘g‘ to\ the feed value, and the -
following obserya.tions are notable :

Half-inch, low feed exp.'eriments ; Drilling with a pilot hole of

. diameter ¢1 (‘wrong eize’), causes the RMS value of thrust
fluctuations to double’ as compared to the corresponding experiment
without a ﬂpilot hole. The torque fluctuations increaee by a factor of

4. Interestingly, for the same experiment with a pilot hole of

diameter ¢, (the ‘right size’), the RMS values of torque and thrust

are significantly lower than those of full-hole drilling.
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Table 6.7 RMS ‘values of torque 2nd thrust in ’the frequency domain.
\ ) .
Y S '
EXPT. COLDE- RMS VALUES OF FLUCTUATIONS AT 12 Hz ,
Lo ) THRUST TORQUE
o
High feed ‘.
H1,¢pp = O 5.0 2.0"
H4,¢pn = ¢1 26.0 "~ 11.0 ,
/{__,H7,¢ph = ¢y 4.0 2.0 '
o —~ o o ¥ |
Low feed ’ ' : . ‘
’ H2,¢ph = 0 ' 500 ‘., ‘1.0
' HS,¢pn = @1 11.0° .40 ;
H8,¢ph = ¢2 1.0 Negligible. ' |~ "
v 2-step : (
H3,¢pn = O _ 7.0 . - 3.0
T HE,¢pn = @7 ., 25.0 10.0
. ‘g) "| H9,o h = ®2 -“ 4.0 2,0 T
p ' '
T1,¢ph = O 6.5 1.0
v ‘ * T4,¢ph =¢1 } 2-0 . 1-0' \ i »
' : o e
4 T2,¢ph =0 - 12.0 2.6 B
\‘ . M - < .
’ T5,¢ph- = $1 2.0 0.8 /,, -
.o T3,¢ph = O 10.0 2.5 4
T6,¢ph =1¢1 . 2-0 . 1.0 ’ “
F 3 - N -
v » - .. v
. ]
2 - »y /‘
' \ : %
/ - . \ ‘
. . s . ', .
. »~ /’ P - i
i ,’_ ‘ . - ~ R~- ; .
B - K" ! L4 i - L
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’

Half-inch, high feed and 2-step feed experiments; The above

-

effect of pilot hole size is again observed, on a more drastic scale.

S

Drilling with the ‘wrong size’ pilot hole causes the thrust f!uctuatioﬁs
to increase five-fold. Correspondingly, the torque fluctuations increase
by three to five times the values of the full-hole drilling case.

Again, drilling with the ‘right size’ pilot hole results in significantly

lower fluctuations. '

“B/E-inch experiments ; For all. values of feed, trends similar to
tl\laﬁ of l/f-inch drilling are observed. The RMS values of thrust
fluctuations are drastically reduced when drilling with the ‘right size’

pilot hole, as compared to full-hole drilling. Those of torque reduce

~
Al

t slightiy or remain the same.
6.11.2 RMS Values of Radial Forces

The radial force in drilling is a single resultant force vector fixed in
magnitude (nominal) and in its radial direction with respect to the cutting

edges. However, since it rotates with the drill, the radial force axes of

" ‘ >
the . dynamometer ‘see’ the force as a sinusoidally varying signal of

frequency equal to the angular y"elocity of the drill.. Therefore, in the
present experiments, the"frequency of radial forces in .1/2-inch drilling is 9

‘ L} 0 . . &
Hz (540 RPM) and that'in 3/8-inch drilling is 12 Hz (720 RPM).

The -RMS values of radial forces of Wll experiments are tabulated

S
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Table 6.8 RMS values_of radial forces in the frequency domain.
At
EXPT." CODE RMS value of radial forces
1bs .
High feed !
Hl,¢ph = O ' . 1.8 at 9.0 Hz L
H4 '\¢ph = ¢1 . 2.3 at 9.0 Hz
H7,¢ph = ¢2 » 1.8 at 9.0 ?Z
“ Low feed
HS,¢pn = ) - '2.8 at 9.0 Hz
H8,¢ph = ¢ . 1.8 at 9.0 Hz
. 2-step ) A ‘
H3,¢pnh =0 | 1.0 at 9.0 Hz
/" , .
H6,¢ph ="¢; 1 . 3.3 at 9.0 Hz
H9,4ph = ¢2 | 4 2-3 3t 9.0 Hz
s
Tl,d>ph =0 1.2 at 12.0 Hz
T4, ¢pn = ¢1 . 1.0 at 12.0 Hz \
T2,¢ph = 0 2.5 at 12.0 Hz
TS, ¢pn = 1 | 1.0 at 12.0 Hz
T3,¢ph =0 2.\5 ar 12.0 Hz
] .
T6,6ph = ¢1 | 1.0 at 12.0 Hz
/ ) -
b \
o L -
B

A
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below in table 6.8. In general, drilling (1/2-inch) with the ‘wrong- size’
pilot hole results in increased radial forces” as compared to full-hole
" drilling. The same éxperiment repeated with ‘right ‘sized’ pilot hole results

in radial forces which are less than, or in the worst case, equal in

" magnitude*to those of full-hole .drilling.

6.11.3 Implications on Hole Quality

-

It is seen from the results discussed above, that the size of the pilot
hole has a clear effect on the stability of the dtilling\process. When
drilling with the °‘right size’ pilot hole, a drast;c reduction is observed in
the magnitudes of the fluctuating components of torque, thrust alnd the
radial forces, compared.to the same experiment with the- ‘wrong size’ pilot
hole. As shown by Kahng and Ham [20] such a reduction in force
fluctuations (especially that of radial forces) and improved stability, implies
that the quality of the machined hole, may be correspondingly better in
terms of macro-geometrical errors. Sinpe the radial forces have a direct
'effeét on the hole—rounc!ness, the changes in hole quality are evaluated

based on the’ measurements of roundness error of fhe holes.

8
4

6.11.4 Roundness Error Measurements

The roundhess error (RE) measurements on the radial profile of the

machined hole are obtained using a Talyrond instrument (figure 6.17).
'The instrument essentially consists of a sensitive stylus probe mounted on

[
A . > ~ \

%

J ‘ - “-

-
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a rotating spindle. When the machined hole is properly centered with

respect’ to this spindle, the stylus senses the deviations in the profile,

about a ‘mean’ circlee The fluctuation signals are electrically amplified

&
and hard copy traces are obtained. The measurements are carried out at

4

three depths (starting from the hole mouth) of each workpiece, and the

— resu discussed—below:—"

o

e -
T

Figure 6.18 and part of figure 6.19 present the typical RE graphs for

the set of .1/2-inch drilling experiments conducted at high feed (H1, H4

*and H7). The following observations can be made regarding these graphs:

i)

ii)

Comparing the profiles at the hole mouth, drilling without a pilot
hole results in a generally round hole with a small amount of RE
(H1T1; top). The same experiment repeated with the pilot hole of
the ‘wrong size’,(res‘ults in a badly distorted, multi-cornered hole with
a large RE. (H4T2’_, top). However, choosing the ‘right ‘size’ pilot'

hole results in a final hole of drastically improved quality (H7-S,

top). : N

A comparison of the RE measurements at an in}termediate depth
reveals that the size of the pilot hole nor their absence causes any

difference in the quality (RE) of the hole profile.

3

i} Measurernents at a further .depth begir}( to exhibit multi-cornered
3}

profiles again, with slightly hi\gher roundness errors (figure 6.19).

4
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Figure 6.18 Roundness plots : Top and middle measurements.
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Figure 6.19 Roundness plots : a) .Bottom level measurements and
(b) specimens of repeat-experiments.

wol
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In order to confirm that the poor quality of holes obtained in

H4-type experiments above is not an exception, a re-run was conducted.

That is, the H4-type experiment was repeated, this time with a pilot hole

-~

. of diameter equal to the web-thickness of the drill. The typical roundness

plots obtained are shown in figure 6.19 (specimen+: ‘A’), and it is seen

that the deterioration of the hole-quality near the hole mouth is even

more pronounced in this. test.

N

Figure 6.20 presents the typical plots of RE obtained on holes drilled

with 3/8-inch drill. From the measurements, similar results are observed

»

on the effect of pilot holes. Holes drilled with the ‘right size’ pilot hole

. exhibit duality that is equal to or better than from full-hole drilling.

Table 6.9 lists the RE magnitudes obtained of all the experiments. The

following discusses the RE values in other experiments :

i) " When. holes are drilled with low feed, the size or presence' of pilot
holes is of no consequence to the roundness of the machined holes.
As in high feed case, the hole-quality improves (slightly, in this case)

as the drill penetrates deeper.

ii) "In holes drilled with a 2-step feed method, interesting resqlts are

observed. Although the actual drjlling was carried out at high feed,

t

. good quality of profile is obtained near the top of the hole. This is

owing to the fact that the commencement of drilling at the hole

mouth was done at a very low feed. Therefore, by thig, method the
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. Figure 6.20 Roundness plots : 3/8-inch drilling. ) .
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Table 6.9 Roundness errors’ measured.
EXPT ROUNDNESS ERROR, pm
CODE | .
TOP MIDDLE BOTTOM
“H1 40 30 30
H4 .80 30 40
H7 30 30 20-
_ H2 40 20 30
H5 ’40 20 20
H8 40 20 20
H3 56 30 30
gs 20 10 20
H9 30 N 20 20
T1 30 4o 30 |
T4 30 20 10
T2 a0 40 40
TS 40 20 20 "
T3 40 40 40
6 30 20 - 30

g

.
"

%
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final-hole quality is unaffected by the size of the pilot hole that is

pre-drilled.

6.11.5 Validity of the Pilot Hole Sizing Criterion

From the analysis of the forces and the hole-quality measurements

‘discussed * above, it is clear that the p‘ilot hole size has a significant

influence on the quality of the final hole. When low feed or ‘a 2-step

feed method is used, the size of the pilot hole does not affect the quality

’of the final drilled hole appreciably.

>

However, when a } me&igm to high value ‘of feed is used,
indiscriminate sizing of pilot holes is highly detrimental to the final hole
quality. Any pilot hole smaller than the ‘critical’ diameter (as deterﬁiin;d
in chapter 4) results .in polygona_.l holes with large roundness errors.

Whereas, proper sizing of the same, dfastically improves hole quality.

This clearly validates the pilot hole sizing criterion established in
chapter 4. Therefore when drilling with pilot holes at moderate to high
feed values, use of the above criterion is recommended in siziflg the pilot

holes.

6.12 Torque-Thrust Coupled Vibrations :

LS

In several high-feed experiments conducted with pilot holes of the

. o :
" ‘wrong’ size, the torque and thrust signals show distinct, low-frequency
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* “as the mechanism behind this phenomenon.

) S ; ' 173 L .

P .- \ - » . \‘ > %
c A ) ? . E ) N ' . ! . )
, fluctuations. ..Fjgure 6.21 presents a typical- plot of the measured signal, '

and it is ‘seen that the fluctuations- aré of a significant magnitulle (20-25
'- h .t c -\\ ’ ~ ‘: ) * .
- /

Y VN ?

“percent. of static values). ) . S 5
. * . < > a
[ * . ‘o . . .:' : . r . » !
oy (‘_\3'\. \“

" Since the, torque and- thrust fluctuattor¥ are 'g@ctb:.-in-phases, it is

.7

bro\posed' that their ' origin is “the coupled’ ‘torsional-axial . ‘parametric’

. N

vibrations of ,the type‘diécussed’in section 3.8. The following is. pfoposed

~ -

— = ] N N .\\
When drilling dommences in the presence of a pilot hole, the sharp

[

f

" cutting lips immediately ‘dig-in’ into ithge material causing a'sudden pulse’

* A _
of forces, which sets. up tor§ional vib{bations. Due to the coupling effect,

the drill expands and contracts correspondjngly. as the -drill unwinds and

-

- ' . <
winds in torsional vibration. = This results- in fluctuations in ~the
0 . t +

instantaneous value of feed which again cause force pulses and sustains the

- - " ‘ N ' ' ¢ )
vibrations.
. ® w’ \
) The above mechanism explains the fact that the ‘parametric’ vibratig'n'

~

phenomena occurs’ only in the case of .pilot hole drilling. .Bcause, in’
full-hole drilling disturbances in torque will not cause axial expansion of

the drill due to the hig};-a.xial restraint provided by the cutting forces at

i

the web. In this way, the web acts like a ‘d"a.mper’ against vibrations, as .

concluded by Fyjii, et al.17]. R

. .
K B s
.
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< ! 3 . - o -

The results of the drilling- experinipq_ts are ‘anquZed and discqssed. .

-

The analysis has two main aspects’ na:mely, the static components analysis

s -

and dynamic cdmponenfs analysis.
. 2

.
ot -

‘-\ . . N »
The averaged values of static torque and "thrust forces show that an

increase —of —feed ‘causes a drastic increase in their values. _ The feed
method has the peculiar effect during- full hole drilling-in: that, the average

torque and thrust valués “‘in the “case two-step feed are about 10 percent

%

L
Ve o .
’ b .

higher than in the é'xperimernt at high feed. Compar{né the force

measurements, it is shown- that approkimately‘ 80 p};}cent of thrust and 45
percent of torqe® are genqraﬁed by the web and the negative rdke angle

»
~

regiof of the cutting lips. I - '

The separation equations derived in chapter 3 are used to-ilolate the
a' 3 , . ‘, ] \<~ SN ) -~
true cutting toique and "t

Al

the. measurement errors i(are es?ima.tqd for the full-hole drilling tests... Fqr

half-inch -diameter drilling, the induced thrust or ‘thrust error’ constitutes

b

approximately 22 percent of the measured value and the ‘torque error’ .

. .
o

. forms abott 15 percent. With a ’3/8-inc.h drill the thrust error incress

"‘::\ ’ Kol
. . 3. . -
to 32 percent and the torque error rdecreases to 8 percent! ! A comparison
" A . .

N - A .
* based on these trug cutting forces show identical effects of the c}xange in

— . N 3> T ~
feed and feed-method, as when compared on the basis of the measured .
.- - . 4
L °
values. : - b .

hrust forces from the measured values aritd thus -
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- .o - i\ ’ .
When force signals in full-hole drilling are observed (each process in
» v 1 . .

< . t . . )
its entirety) a gradual increase " is_ observed in the static torque and thrust

magnitudes. The reasoning for this is chipr-accixmulation and clogging
. < e e ! .
along the flutes, since the: ‘holed 'were. drilled continuously, without

13 /

‘e

withdrawal of the, drill.

\

4

A similar observation, of the static force signals in pilot holg drilﬁng
. . . )

reveals an opposite tre_n'd. Here, ‘ the tor'qtie and thrust m'agnitudes‘s\how a

- [
. .

gr@dual.l.y» decreasing trend. The following‘ is proposed as the® mechanis

'béhirld this" ‘decay’ phe;;omenon . As ‘in full hole drilling, torql;e and
ﬁth_rust‘ forces“ are 'indu;ed due };o‘th,e coup}iné effect. . However, in pilot‘
hole- drilling t,he absence of cutting. at the'web drastically reduces forces

and thus the torsional a‘ﬁd axial restraint on "-the 'drill. The reduced

restraints are ineffective in containing the induced strains, and thus the

3 /~ .

drill begins~ to expand axially and wind torsionally. Simultaneougly, the

. induced torque and ‘thrust reaction forces corresponding to these strains,

reduce. The process occurs- gradually due to the‘\'r‘iscous damper-type role

o

played by the metal " cutting process. ‘As a result}, measured torque and

thru‘st‘ gradually ‘decay’ until the fnduceﬁ strains are exhausted, at which
-, o Ut .
_time, their magnitudes reach a minimum.
-~ - ’
- . : _ ' :
Jt is implied in the ’above éxplanation that the magnitudes of decay

correspond to-the induced- forces. Thus the results of chapter 3 are

employed to verify if the induced forces (decay) are predictable. It is



P

" noted” -that . due to change in restraint" gonditions, the values of °

YA 176 .. ,

: , L .
induced-force - coefficients (K, and K,) determined under full restraint

4

‘ conditioris, are no*\vqlid for pilot hole (irilling _conditions.  Therefore. ghe

'direct-force’ coupliilg equations "(3.7 and 3.8) are employed to estimate the

induced forces, assuming that the final minima attained after the decay

v

process are the true cutting torque and thrust wvalues. The values of K1

"and— K2 are-recomputed from the pilot hole drilling force measurements.

»

)

From this, highly consist' ;iredictions are obtained (particularly torque),
. ’ ¥ -

which agree well with the experimentally measured torque and thrust

[
decay ‘magnitudes. ¥

The mechanism proposed for the decay phenomenon is seen to be the
. . T
most plausible one due to the consistency of the decay - phenomenon and

the fact that their™magnitudes are f)tediétéblg by employing the concepts

of torque-thrust coupling. More importantly, the force - inducement
\ , . > '
hypothesis is verified by inference., That is, substantial torque and thrust

3

forces are indeed induced during full-hole drilling, and it would be

erroneous to attribute all of the measured forces to metal-cutting.

A pi;qeliminary analysiy of the fluctuating components of torque and
% . S,

'thrust forces confirms the conclusions of past researchers that they are

f

narrow-band . random processes, = Further analysis also reconfirms that

. torque:and thrust .fluctuatio,ns of full-hole drilling have gaussian probability

distributions. Standard ‘deviation values are determined, and their values

{

LS
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remain unchange(f with respect to chahg s in feed. The torque and thrust

]

¢

fluctuations of pilot hole drilling ,are observed to be highly’ non-gaussian.

+  The pilot hole sizing_ criterion established in chapter'4', is evaluated

based on the RMS spectral analysis of torque, thrust and radial force
signals. For half-inch d‘rilling at low-feed, a ‘wrong size’ pilot hole causes

-

the RMS values of dynamic thrust to double as compared to the -same

experiment without a \pilot‘hole. Correspondingly the dynamic torque

—

increases by a factor of four. When the same experimemts &dre done with
. i ’
. .

a ‘right size’ };ilot holethe RMS values of - fluctuations decrease
significantly. Under high feed, e above; effect of pilot hole size .is
observed on a more drastic scale. . ‘Wrong size’ pilot holes cause the

iorque -and thrust fluctuations -to increase five-fold, whereas the ‘righf size’

. pifot hole  causes. significantly smaller values. The same effects are

observea 'when drilliﬁg with the smaller drill also.

4

o ®

RMS values of radial forces also exhibit the same trend with regard

to pilot hole sizing. The reduction in forces and improved stability while
drilling with- the ‘right size' pilot hole implies that the hole quality: ‘may

~

also  be correspondingly better. Therefore, roundness error (RE)

-

the profiles clearly shows that the sizing of pilot holes does have a‘\drast’ic '/

effect on hole quality. Under a moderate to high feed rate, drilling' holes
-/ o . . ) ' "_\ .
‘with a pilot hole of diameter equal to the web thickness, “results .'in a

measurements are carried out on the drilled -samples. A comparison  of

’
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. . o

. " #"clear .deterioration of hole quality (near hole mouth), with multi-cornered _

#

profiles an;l hig:h RE values, On"the other hand drilling with the ‘righé ,
size’ "of piIot‘ hole n(as determined in uchapte; .4), drasticall'y impfow}es hole},
qual\itir. Undet" low fe;e‘d or *high feed v[rith a 2-step feed ‘method, the pilot

h“ole~ )dg has little or - no imé)i'u:t‘onn hole qual‘ity.‘ 'I“hus. thg pilot. holé/

. ‘ A .
sizing .criterion proposed is clearly validated for moderate/high feed drilling. .

1

In several pilot hole drilling experirnénts, the static torque and thrust
éignals show low frequency fluctuations of significant e;..mplituder (20 to 25
\ L - "

percent of static values). The two fluctuations are exactly in-phase with |

each otfier. Therefore it is suggested that the origin19f these fluctuations

_is  the simultaneous, coupled, . torsional-axial ‘pa.rametr’ic’ vibration
- . phenomenon of the type observed by past a researcher. According to tKe

" -mechanism proposed for the same, the vibrations begin with a torsional

:investiga;tio'n and- presents recommendations for further research into these .O)

aspects.” . . .

-

.disturban¢e as the sharp cutfing lips ‘dig-in’ into the ‘material ' at the . — - -

commencement of drilling. " The torsional unwindings thus caused also

\‘*proc-luc;gs axial expansion due to the coupling effect. * This increases the '’

instantaneous feed, which in turn causes force pulses and sustains the

~ ’ !

vibrations. ) \ ’ ’ ) i

] ‘ a
. . «

he foﬁo@vii{g ch;pter_ summarizes the major * aspects of this

[N (- !

¢

PN

! »

\ . - -t
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7.1 Conclusions "

[T,

7.1.1 Torque-Thrust Coupling Effect .
‘ - ' ) ¥

.Thé torque-thrust coupling effect in twist drills is" a. highly liyxﬂnent.

DR

phenoménon.’ Contrary to the perception .of past ,rééearc ers, the
’ // K
: !
implications of ~the phenomenon L,V-;re _more sighif'want than ‘a mere
o ;1 : /' ’

interaction between the forsiona[ and axial strains. -
» + s / b ('.

- 6 I

v

" The set of direct and cross-coupling stiffnesses defined aptly ;-describe
p“ ‘/ v -

<

‘the static deformation .behaviour of, the d‘rill/’ Helix angle has a siéniﬁcant

influence- on the coupling effect. The coupling interaction (as measured by-

.K-tf' and Kft,) has a distinct maximum around a helix angle of 28 ‘dgg_rees.

£ . . v
This variation of the‘ coupling interaction becomes "more drastic as drill
e N /’ . . . )
diameter increases. Amongst drills of a given helix angle,:'the interaction -

. / . L
increases parabolically with diameter. ‘ : . 4

» . e,
[ B 7

\ <. /

Torsional stiffness shows™ a similar variation, with a um again

“around a helix angle of 2(8 degrees. It is clearly revealed that the

- / ’ ' )
coupling interaction' produces a torsional stiffe_ning effect when tested under
’ 4

* axial restraint. ’ The hig/her the co_upling' intergction, the higher will be the

/

. / ! .
\ '~ ‘ ~/ P . ! . ‘g /ﬂ \/ &
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degrees show the highest torsional stiffness. .
. ~ N » b o
‘. ‘ ' / 0
7.1.2 Effect ~ of Coupling .on Drilling Forces "and Drill
ehaviour ) CoT

[l R \ .
Under torsional and axial restraint, a twist in- the direction of cutting

torque induces a thrust force in t¥e drill, and a compress{ve thrust
induces a torque in the drill. T}}rust inducement increases- with a

-

decrease in drill diameter. e " S

* The torsional aﬁ_d axial restraint conditions® during drilling are

’ ¢

5 —~ . " e P -~
41denjcal to static test conditions. Thus, significant torque and thrust

v a ' ’
forces are 4nduced during drilling also, which add up with the cutting

-

‘; povr g . ' t . - :
forces. Therefore, it is erroneous to attribute all of the measured- torque
LY 1

R . .
and thrust {o metal cutting. The separatién equations derived on the

basis of -the induced -force coefficients, enable the isolation of the  true

cutting components from the measured torque and thrust. Estimates- based

? ,

on the experimental measurements of this and a past investigation, show

.that the.induced forces (when drilling with 3/8-inch and 1/2-inch drills)

~

constitute about 20 to 30 ' percent of the mieasured thrust,.a.nd 10 to 15

percent of the megsured’t'c;rdue values. .

\ -’

]

The decaying trend observed in the torque and thrust signals of pilot
hole drilling js actually the gradual ‘release’ of the indu.ce;i forces during

drilling. The decay magnitudes are accurately estimated by emplojrix'l_g the
. . N ‘

S * ' T~
torsional stiffness. Thus, drills qwithg- the ‘optimial’ helix angle of 28

[4]
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-
s

inducgd-force coefficients for the drills. By inference, ‘the hypothesis of

A 4 . .
force inducement (and thus, measurement errggs) during drilling, is verified.

<

The " coupling effect and the inducement of forces due to it, have

-~

important impli_éations’to drill design and the drilling process. i.A.mong the

static aspects affacted are the torsional stiffness and buckling tendencies of

n

_the  drill. Dynamically, tile torsional\, axial and lateral vibration
characteristics are affected by®the coupling effect.
7.1.3 The Pilot Hole Sizing Criterion

The size of the pilot hole has a definite ir,lAf]uencev; on the quality of -
' LN N 4 4 i
the firal hole. The severe, extrusion-type cutting in ‘the negative rake .

region of the cutting, lips, produces drift forces ‘which ccause roundness

errors in pilot hole drilling.

' <

The proposed criterion for sizing pilot holes eliminates cutting in all
of the negative-rake regions. The diameter at which the normal rake

angle reaches zero on the lips, is defined as the ‘critical diameter’ of pilot

hole. ' | ‘ .

A clear jmprovement in’ hole~roundries§ 18 oblsqrved from the drilling
ex'periments, using the abové criterion. When drilling at moderate to high
feed, pilot holes sized— by the proposed criterion, result in highly iccurate
loles with low.roﬁndne§§ errors.  Drilling with pilot holes is8 known to

fimprove ~ the straightness of the 'final Lole. _ Thus, holes of high

N,
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straightness and roundness can be obtained by employlné the” pr,oposed'

sizing criterion. ' : O \

”

The results of this investigation, particularly that of the tbrque-thrﬁst‘

coupling " effect, pose many new qgistion's and implications on the\ static

aind\:iynamic behaviour of. the drill. However, it is beyond tHe scope of

. | )
the_ present investigation to probe those aspects.” Therefore, they are

suggested as"topics\ for future -investigations.
7.2 Recommendations for Further Research . B

_ The following aspects wagraht ‘further study in view of the findings of

u

. this- investigation :

"7.2.1 On the Coupling Effect

3

1. A more precise determinatiom "of the "optimal’ helix angle that .

maximizes the coupling intera.ct'.ionC and the torsional stiffness. ®This

1 4

’ may be accomplished by experimenting " with aglarger choice of helix

R a.ngles: , . .
' 2. Study .of the coupling behaviour of drills with a constant

web-thickness 'througho;lt the flute length. Such drills would be \

highlly efficient in terms of chip removal.

3. An investigation to clarify the effect of web-thickness on the coupling

[

. s
interaction - May be accomplished by repgating the experimentation ‘of

.
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" chapter 2, with drills of -various web-thickness valpes. As a result, it
may l;e' 'p'ossiblle to design a torsioné]ly stiff and strong drill, yet with |
- . N N ¥ .

a- thin web- _ . T .

<

-

4. A thotough analytical/exi)erimental study of the effect of cross-section
profile design on the coupling interactions - This may enable the °

optimization of the flute area versus drill strc#ghth-." L

A

5. Devefbpment of a detailed analytical static-deformation model of the

-drill including flute profile characteristics and helix angle. Such a
" . model would enable a parametric study and optimization of the

coupling .phenomenon-and its implications.

7.2.2 On the Effects of Coupling Interaction

0 (':
1. Development of a complete torsional, axial and lateral vibrations

"model of the. drill - Such \a\,xm_)del would require analytict'xl and »

~
experimental investigation of the natural vibration behaviour, and the

- influence of coupling on the same. —_

[

2. A st'udy " of the parametric instability and coupled torsional-axial
vibrations observed in the present study. This follows the

development of the 'vibration model suggested above.

4

. 3. .An experimental study of the drill ‘relaxation’ during cutting, an\d‘" the

s

torque-thrust decay phenomenon.  This has implications to the

b
P
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dynamic’ behaviour of the drill. , L
. -~ i ‘ : R

. ] S . ’\ ‘ -
A re—:avalua.tion of the varjous analytical force-pfgdiction models, based
on the ‘trué’ cutting torque and thrust*force measurements. . . . e
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