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ABSTRACT 

AN INVESTIGATION OF THE THEORETICAL AND DESIGN 
ASPECTS OF UNSYMMETRICAL MULTI-CUTTING ACTION IN 

DEEP-HOLE MACHINING 

Vojislav Latinovic 
Concordia University, 1978 

A new design concept of multi-edge deep-hole machining 

is presented. The work deals mainly with BTA metal cutting 

systems. 

The main feature of the design is that the cutting 

head consists of multi-cutting edges unsymmetrically located 

with respect to the rotational axis on the cutting head. This 

provides a means of maximizing the metal removal rate per 

revolution, and hence the productivity, without sacrificing the 

essential advantages provided by single-edge deep-hole boring 

tools. The role of a stabilizing cutting force resultant 

necessary for self-guidance in machining holes of high length

to-diameter ratio is explained for a single-edge cutting tool, 

and extended to tools with unsymmetrical multi-cutting edges. 

The design procedure for unsymmetrical multi-edge 

cutting tools is investigated by formulating a mathematical 

model which takes into account the following: 
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(a) 	 Cutting edges are placed unsymmetrically on the 


cutting head in such a way that a predetermined 


cutting force resultant is transmitted onto the 


hole-wall by means of supporting pads; 


(b) 	 The cutting force resultant is chosen in such a 

way that, sufficient pressure is exerted onto the 

machined hole-wall to prevent separation of the 

wear pads from the wall and run-out of the tool. 

This pressure is limited to a value that permits 

a hydrodynamic lubricating action between the 

supporting pads and the hole-wall; 

(c) 	 The pressure variation between the supporting pads 

and the hole-wall caused by the hole size varia

tion is controlled in the same manner, as in 

single-edge cutting tools. 

The distribution of the cutting force on the cutt 

ing edges is formulated in terms of the fundamental cutting 

parameters and mechanical properties of workpiece material, 

utilizing a combined three-dimensional metal cutting theory 

in conjunction with empirical test data. 

To achieve the design requirements stated above, a 

multivariable, nonlinear, objective function is formulated, 

and subsequently, modified to an unconstrained type with 

bounded decision variables. A numerical direct search method, 
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accelerated in distance, is selected to minimize the objec

tive function. This procedure essentially minimizes the 

pressure difference among cutting-edges corresponding to a 

predetermined wear pad force required for tool self-guidance. 

The wear pad forces are estimated. through an upper limit re

sulting from the hydrodynamic oil film lifting capacity of 

the wear pads and a lower limit established from a statisti

cal analysis of the dynamic fluctuations of cutting forces. 

To examine the validity of the developed optimiza

tion program, several case studies are undertaken for 

staggered tools known to be performing satisfactorily in 

industry. The theoretically computed design parameters 

compared very well with the design data of the tools examin

ed. The optimization procedure developed is used to design 

two trepanning head prototypes. The unsymmetrical double 

and triple-edge BTA trepanning tools are then manufactured 

and tested on the production line. The test results showed 

good tool guidance and stability. Much higher material 

removal rates are possible compared to those achieved with 

single-edge tools without any loss of hole accuracy, straight

ness or surface finish. 

An economical analysis conducted shows that the 

machining cost per unit length of a hole using multi-edge 

cutting tools is significantly decreased. Thus implementa

tion of these tools in production should increase producti

vity at decreased cost. 
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Extension of this analysis to tools with a higher 

number of cutting edges requires a rigorous investigation of 

stresses and a study of the dynamic behaviour of the machine

tool-workpiece system. 



v 

ACKNOWLEDGEMENTS 

The author wishes to express his gratitude and oeep 

appreciation to his thesis supervisor, Dr. M.O.M. Osman for 

initiating the project and providing continued guidance 

throughout the investigation. 

The financial support of the National Research 

Council Grant No. ASlal and La Formation de Chercheurs et 

d'Action Concert~e of the Government of Qu~bec, Grant No. 242

110, is also acknowledged. 

The technical information and assistance provided by 

Menasco MFG of Canada Ltd., in Montreal, which made the ex

perimental part of this work possible and the contribution 

of Geb. Heller, Bremen, West Germany, in supplying tool bits 

and related components are gratefully acknowledged. 

Thanks are also extended to Mr. G. Korioth and the 

Machine Shop of the Faculty of Engineering at Concordia 

University for their continued assistance. 



• • LIST OF FIGURES 

LIST OF TABLES 

NOMENCLATURE 

I 

1.1 

1.3 

1.4 

II 
FORCES 

2.1 

2.2 

vi 

TABLE OF CONTENTS 

PAGE 

i 


ACKNOWLEDGEMENTS v 


ix 


xii 


xiii 


CONVERSION TABLE OF UNITS . . xvii 


INTRODUCTION 

Historical Background .• • . 1 

1.2 . 
Review of Previous Work • • • 6 


Stability and Self-Guidance in Hole 

Machining Methods •.•• 10 


1.3.1 Twist drilling • •• • • • • . • • • 10 

1.3.2 Boring . • • • • • 11 

1.3.3 Gundrilling • • • • • • • • • : .. 11 

1.3.4 BTA boring • • • • • • . • • . • • • 13 

1.3.5 Significance of deep-hole machining 16 


Scope of the Research Work 19 


MATHEMATICAL MODELLING OF CUTTING 

IN DEEP-HOLE MACHINING 


Prediction of Cutting Forces from Metal 

Cutting Analysis • • • • . . 27 

Prediction of Cutting Forces from 

Empirical Testing 36 


2.2.1 Turning operation •• . 36 

2.2.2 Twist drilling operation 44 


2.3 Computation of Cutting Force Components.. 47 




vii 

(continued) 	 PAGE 

III 	 DESIGN CONCEPT AND EXPERIMENTAL RESULTS USING 
STAGGERED UNSYMMETRICAL MULTI-EDGE TOOLS 

3.1 Basic Concept .• • • • • • . . • 	 56 

3.2 Optimization of the Tools ••• • •• 62 

3.3 Design of the Tools . • • • . • • .• 73 

3.4 Testing of the Tools • • • • • • • • . 77 


IV 	 OPTIMIZATION AND DESIGN PROCEDURE OF UNSYMMETRICAL 
MULTI-EDGE CUTTING TOOLS 

4.1 	 Cutting Force Components in Multi-Edge 
Tools 	 ................ 82 


4.2 	 Unbalanced Forces •.••.. • • • • •• 100 

4.3 	 Optimum Cutting Force Resultant • •• 107 


4.3.1 	 Variations of cutting force resultant.. 107 

4.3.2 	 Hydrodynamic lubrication of the support

ing pads . • • • . . • • • • • • . • .. 115 


4.4 	 Optimization of Multi-Edge Tools ..• 118 

4.5 	 Optimum Tool Designs • • • • • • • 127 


V 	 EXPERIMENTAL SET-UP 

5.1 	 Cutting Heads 144 

5.2 	 Machine Tool 153 


5.2.1 	 Boring Bar •.• 156 

5.2.2 	 Vibration Damper • • 157 

5.2.3 	 Pressure Head • • . 159 


5.3 	 Workpiece 161 


VI 	 TEST RESULTS 

6.1 	 Preliminary Series of Tests 162 

6.2 	 Second Series of Tests . • . 175 




viii 

(continued) 	 PAGE 

VII 	 SUMMARY,CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 

7.1 Summary 	 188 

7.1.1 Mathematical model of cutting tool. 188 
7.1.2 Optimization and design strategy 	 189 

7.2 Conclusions ••••••••••. 	 192 
7.3 Recommendations for Future Work 	 195 

REFERENCES 	 199 

206APPENDIX I 	 Basic Economical Assessment 

APPENDIX II 	 Cutting Force Evaluation From Various 
Shear-Angle Relations • • . • • • . •• 215 

APPENDIX III 	Variations in Magnitude and Direction of 
Cutting Force Resultant . • • • • • •• 224 

APPENDIX IV 	 Computer Program Listings, Data Sheets 
and Printouts of Typical Results • • .• 231 

APPENDIX V 	 Layouts and Detail Drawings of the Three 
Optimized Multi-Edge Heads •.•••• 267 



ix 

LIST OF FIGURES 


FIGURE 	 PAGE 

1.1 	 Leonardo da Vinci's drilling machine 

reproduced from "Codex Atlanticus 
393r-b" - 1495 . . • . • . • . . • . 3 


1.2 	 The principle of BTA deep-hole machining. . 12 


1.3 	 Typical examples of BTA tools . • . . • . . 14 


2.1 	 Cutting forces acting on BTA solid boring 

cutter . . . . . • . . . • . . . . . • •. 26 


2.2 	 Tool geometry of a typical BTA solid boring 
head . . . . . . . . . . . . . . . . . 4o4o 28 


2.3 	 Combined force diagram in orthogonal 

C:ll1:i:jLIl~ • • • • • • • • • • • • • • • 34 


2.4 	 Radial and feed components of thrust 

forces ..•...•........... 34 


2.5 	 Unit cutting force vs feed in turning. . . 40 


3.1 	 Solid boring head with staggered cutters. • 58 


.3.2 	 Descriptive flow chart of pattern search. . 68 


3.3 	 Descriptive flow chart of exploratory 
moves . . . • . . • . • . . • . • 4o4o 69 


3.4 	 Detail flow chart of pattern search. . . . 70 


3.5 	 3.375" Dia solid boring head with two 

staggered cutters . . . . . . . . 74 


3.6 	 11.760" Dia trepanning head with two 

staggered cutters • . . . . • . . • . 75 


4.1 	 Forces in unsymmetrical multi-edge boring 
head • • • • . • . . . . • . . . . . . 83 


4.2 	 Arbitrary tool design with edge penetra
tions . . . . . . . . . . . . . . . . . . . 87 


4.3 Cutting force components vs width of cut. . 90 


4.4 Radial force vs width of cut 	 92 




x 

(continued) 

FIGURE 	 PAGE 

4.5 	 Detail flow chart for calculations of 

cutting forces and torque in multi-edge 

tool ................. . 95 


4.6 	 Cutting depth in relation to angular 

spacing . . . . . . . . . . . . . . 99 


4.7 	 Inertia forces due to imbalance in un
symmetric multi-edge boring head • 103 


4.8 	 Relative deviation in magnitude of cutting 

force resultant • • • • • • • • • • • • • 112 


4.9 	 Deviation in direction of cutting force 

resultant • • . • • • • • • • • • • • • • 113 


4.10 	 Supporting pad force for hydrodynamic 

lubrication in relation to boring dia
meter 117 


4.11 	 Lower and upper bounds for location of 

cutters relative to each other • • • • 125 


4.12 	 Descriptive flow chart of supplemental 

section to exploratory moves given in 

Fig.3.3 •••• • • • • • • • • • • • 130 


5.1 	 Trepanning head prototype with three cutt 
ing edges •••••••••••••••• 146 


5.2 	 Head adapter 147 


5.3 	 Set-up for grinding trepanning inserts • • 150 


5.4 	 Trepanning head prototype with two cutt 
ing edges •••••••••• • • • • 152 


5.5 	 Front and rear view of experimental set-up 

on a VDF B10 deep-hole machine • • • • • • 154 


5.6 	 Clamping of the workpiece between the re

ception plate and the headstock dead 

center ................. 160 




xi 

continued) 

FIGURE PAGE 

6.1 	 Location of the rubbed area of the head 
relative to location of the cutters . 163 

6.2 	 Samples of chip forms 169 

6.3 	 Bottom of a hole revealing intensive 
chatter of cutters ..••.•.•. 171 

6.4 	 Holes machined in the tests • • • 182 

6.5 	 Chip sample from Test No.6 ••. 182 

6.6 	 Wear pads of the head with two cutters •. 184 

6.7 	 Cutting inserts of the head with two 
cutters after Test No.6 •.•••• 185 

6.8 	 Cutting inserts of the head with three 
cutters after Test No. S 185. · · · · · 	· · 

A2.l 	 Trends of normalized unit cutting forces 
Kp and Kq for 10 Deg.rake . 222· · · · · · 	· 

A2.2 	 Trends of normalized unit cutting forces 
K and K for zero rake .. 223

P q 	 · · · · · · · 
A3.l 	 Graphical ~epresentation of deviations of 

the cutting force resultant · · · 230· · · · 



xii 

LIST OF TABLES 


TABLE 	 PAGE 

1.1 	 Geometry of chip breaker and chip forms 

for deep-hole machining ••.•.•• 18 


2.1 	 Values related to diagram in Fig.2.1 42 


2.2 	 Values of ck,x and y related to Equations 

(2.15), (2.17) and (2.18) •••••••• 43 


3.'1 	 Main parameters of the tools shown in 

Figs. 3.5 and 3.6 ••••••• 80 


3.2 	 Feed force and power as predicted and 

recorded •• • • • • • • • . • • 81 


4.1 	 Optimal tools from preliminary program 

testing • • • • • . • • • • • • . • • 133 


4.2 	 Optimal parameters for the three designed 

tools •••••••.•••.•••••• 135 


6.1 	 Cutting paramet~rs preselected and recorded 

in the first series of tests ••• . • • • 164 


6.2 	 Differences in the level of cutting zones 

of the cutters in inches • • . • • • • • • 168 


6.3 	 Cutting parameters preselected and recorded 

in the second series of tests ••••••• 177 


A2.1 	 cutting force components for 50 mrn diameter 

solid boring head •••••••••.•• 220 


A2.2 	 Cutting force components for 35 mrn diameter 

solid boring head •..••••••.•• 221 


A4.1 	 Data sheet for optimization of three 

staggered tools •••••••••• . 236 


A4.2 	 Data sheet for optimization of prelimin
ary tool designs ••••••••.•.•• 252 


A4.3 	 Data sheet for optimization of three tool 
designs ................. 253 


A4.4 	 Data sheet for correction of the three 

tool designs ••••.••••..•.•• 264 




xiii 


A 

A c 

b 

bL,R 

c 

ck 

Ckp,kq 

c
L 

cM 

C1,C2 

C 

CT 

d 

d t 

D 

e 

f 

F 

Fp,q,r 

FF,R,T 

NOMENCLATURE 

undeformed chip cross-sectional area 

chipmouth area 

width of cut, width of wear pad 


lower and upper bound for width of cut 


cutter pocket-size factor, constant in 

Merchant's shear angle relationship 


cutting force for b = 1 rom and s = 1 rom 


cutting force for b = 1 rom and s = 1 rom 

in the directions p and q 


cost per unit length of hole 


machine cost per unit time 


constants in Oxley's shear angle relation

ship 


material constant 


direct tool cost 


diameter of cutting head 


diameter of chipthroat hole 


diameter of cutting head 


eccentricity of unbalanced mass 


tool feed 


cutting force component perpendicular to 

the tool axis 


cutting force components in the directions 

p,q and r 


cutting force components in the feed, radial 

and tangential directions 




L 

xiv 

height difference between two 
cutting edges 

Brinell hardness 

subscript 

j subscript, imaginary unit 

k subscript, stage subscript 

positive weighting factor 

adjacent 

slope in an 5 vs cr diagram, material 
constant s n 

unit cutting force 

subscript, chipthroat length 

length of wear pad hole length 

m subscript, number of cutting zones 

n number of cutting edges, number of variables, 
number of revolutions per minute 

number of cutting edges 

number of variables 

N cutting speed in rps 

p width of cutting zone 

p unbalanced force 

r radius of cutting head 
+ 
r 	 position vector of cutting force application 

point with respect to tool axis 

r. 
~ 

radius of chipmouth 

radial distance of chipmouth center 

chip ratio 

cutting force resultant 

supporting force resultant, limiting hydro
dynamic force 



xv 

R 	 cutting force resultant in the direction x,y x and y 

s effective depth of cut in direction of Fq 

So shear strength of material with no normal 
stress 

shear strength of material in cutting55 

t undeformed chip thickness, nondimensional 
tool life 

t deformed chip thickness c 

T cutting torque, tool feed, 
between grinds 

tool replacement time 

tool life 

u exponent to the width of cut 


v cutting speed 


chip velocity 


w exponent to the depth of cut 


x decision variables 


X 	 exponents to the width of cut 
1 , 2 

x 	 current base point 

base point resulting from current move 

previous base point 

exponent to the depth of cut 

functional value at base point 

functional value resulting from current 
set of exploratory moves or pattern move 

y functional value resulting from currentyy move 

objective functions 



xvi 

IJ.s 

n 

e 

K 

p 

normal rake angle, acceleration factor 

chipthroat angle with respect to tool axis 

"minimum" step size 

Kroncker delta 

operators 

deviation from the mean, current step size 

difference in depths of cut 

cutter pocket angle 

chipmouth area factor 

correction factor for cutting force in the 
directions p and q 

error factor 

angle between cutting force F and cutting 
edge 

approach angle 

angle defining location of supporting pad 
with respect to x-axis 

absolute viscosity of coolant 

correction factor 

mass density, reduction factor for step size 

normal stress 

angular location of cutting edge with respect 
to x-axis, normal shear angle, cost rate 
factor 

cost break-even factor 

cost rate factor for constant machine cost 
and cost per unit length of hole 

cost rate factor for constant machine cost 

lower and upper bounds of the variable ~ 

chipmouth angle 



Length 

Area ·· 
Volume ·· 

Mass ·· 
Mass 
Density ·· 
Force 

Pressure ·· 

Viscosity: 

Power 

xvii 

CONVERSION TABLE OF UNITS 

1 in = 25.4 nun 


1 ft = 304.8 rom 


1 in2 = 6.4516 cm2 


1 gallon = 4.546 1itres 


1 U.S. gallon = 3.7854 1itres 


1 slug = 14.594 kg 


1 slug/ft S = 226.222 kg/dms 

1 1b .= 4.448 N 


1 kp = 9.8066 N 


1 psi = 6.894757 kPa 


1 kp/cm2 = 980.665 Pa 


1 reyn = 6.894757 x 101+ P 


1 HP = 745.7 W 




CHAPTER I 


INTRODUCTION 




1 

CHAPTER I 

INTRODUCTION 

Hole machining operations are employed extensively 

in industry and constitute an important phase of manufactur

ing. As in other areas of metal cutting, the search for 

improved hole machining methods which remove material at 

higher rates without loss of accuracy and machined surface 

quality, continues. This work presents a new development 

in this field which exploits the advantages of multi-edge 

cutting action. 

Results of this research work show that such an 

approach is feasible technically, as well as economically. 

1.1 HISTORICAL BACKGROUND 

Historically, men first used hand drills during the 

New Stone Age (about 4,000 B.C.). The device was a bow-

drill consisting of a wooden shaft tipped by a sharp piece 

of hard stone. The shaft was rotated in a wooden frame and 

loaded by a heavy piece of stone to provide the thrust. The 

rotation was produced in alternate directions by a bow-handle 

with a cord fixed to the ends and wrapped around the shaft 

in the middle [IJ. Egyptian stone carvings reveal that 

hole-making was not an unknown operation to the ancients of 

Egypt as early as 2,700 B.C. Basically, the latter device 

produced holes via the grinding effect of a hand-rotated 
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stone [2J. 

The problem of producing holes of a depth exceeding 

the hole diameter by many times, known as deep-hole machin

ing, has existed for many centuries. It was first faced in 

the Middle Ages when holes had to be drilled in the center 

of logs which were used as water mains until replaced by cast 

iron pipes late in the l7thth Century. Such drilling was 

performed by long hand drills in logs erected vertically. A 

deck built around the upper end of the log was employed to 

facilitate access during the operation [2J. 

The machine shown in Fig. 1.1 was designed about 

1495 by master artist Leonardo da Vinci. The design has been 

saved in a collection entitled. "Codex Atlanticus (393r-b)" 

owned by the Ambrosiana Library in Milan. This machine re

markably resembled a modern deep-hole machine and may be 

considered as its earliest prototype. The machine often mis

taken for a lathe was designed to drill holes in the center 

of logs. The drilling mechanism is in the foreground but 

the novel aspect is the set of automatically adjustable 

chucks which clamp the log in the four radial positions. 

The chucks ensure that the axis of the log always remains in 

the center of the machine regardless of the log diameter. 

It is not known, however, whether the machine had ever been 

actually constructed or whether it was simply an example of 

Leonardo's own inventive genius [2,3J. 
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Deep-hole drilling in metal was first attempted in 

the production of gun barrels. During the period between 1500 

and 1750, the town of Suhl in Thuringen, Germany was known as 

the center of deep-hole drilling. At that time a water mill 

was employed as the machine tool with spade bits as the 

cutting tools. Two barrels could be drilled simultaneously 

by two parallel boring splindles. The feed and the thrust 

were produced by the operator. An appropriately designed 

lever developed a certain force amplification and an infinite

ly variable feed. The drilling was performed at 80 rpm and 

it required 8 to 10 tool bits to complete a barrel. with 

current technology 15 to 18 such barrels can be manufactured 

without regrinding the tool [l,2J. 

It seems that the machine tools we find in modern shop 

practice have been developed in the relatively short span of 

about 400 years, beginning in the 16th century and that the 

lathe was one of the earliest machine tools [4J. Little 

information is available about the gun-boring machines used 

before 1700, except for those mentioned. The earliest re

liable information on methods and machines relates to the 

first half of the 18th century. In 1713, a vertical gun

boring machine is said to have been invented by a Swiss 

named Maritz who later worked in Holland, which seems to have 

been ahead of other countries in regard to gun-boring machines 

during the early years of the century. One of the illustra

tions given by Diderot in his encyclopedia is believed to re
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resent Maritz's machine. A cut~er head mounted on the end 

boring bar was rotated by animal power and a downward 

motion was given to the gun barrel. The frame of the 

made almost entirely of wood and formed part of 

the structure housing it. The use of the structure of a 

building to form part of a machine tool continued well into 

ththe second half of the 19-- century [5J. 

The first boring machine in which the gun was rotated 

and the feed motion was given to the boring tool appears to 

have been produced about 1758 by Verbruggen, in collaboration 

with Ziegler. This machine, in which the axis of rotation of 

the gun is horizontal, was of massive construction and is 

regarded as the first example of a machine tool for engineer

ing applications, as distinct from ornamental and artistic 

use [5J. 

The cutters used in these gun-boring machines consist

ed essentially of a spade drill with two boring cutters suit

able for drilling a hole in the solid. The other cutters 

employed were suitable for enlarging and cleaning up exist

ing holes. It is of interest to note that the actual cutting 

portions are separate replaceable bits [5J. 

Although it seems probable that some other form of a 

drilling machine in addition to the bow-drill type had been 

produced before 1700, no conclusive evidence has been unearth

ed. The first example of a drilling machine seems to be a 

small unit made prior to 1782 by Vaucanson, a French engineer, 
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achieved fame in several fields of engineering and made 

advances in machine-tool design and construction. 

well as his lathe, mark the transition from 

older wooden-bed machine to the all-metal 'engineering' 

type of machine tools [5J. 

The invention of the twist drill in the united 

States in 1860 provided important steps in the field of 

drilling. Available evidence confirms that Morse in 1862, 

commenced in a very limited way, to make twist drills in 

Bridgewater, but did not secure the aid of capital until the 

summer of 1864, when the Morse Twist Drill and Machine 

Company was formed and its works moved to New Bedford [6,35J. 

1.2 REVIEW OF PREVIOUS WORK 

The earliest known study of the mechanics of cutt

ing processes is that made by a French investigator, 

Cocquilhat, in 1851. He investigated the work required to 

remove a given volume of material in drilling iron, brass, 

stone and other materials. Other pioneers in the area of 

cutting mechanics and chip formation were Joessel, Tresca 

and Reuleaux in France, Time, Zvorykin and Briks in Russia, 

Mallock in England and Taylor in the United States - in the 

area of tool wear and tool life [24J. 

The first significant scientific. gathering in 

America on drilling occurred at the XII Annual Meeting of 
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