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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 fcrce 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:




(a) Cutting edges are placed unsymmetrically on the
cutting head in such a way that a predeterminea
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 undertakén 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.
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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 cofd fixed to the ends and wrapped around the shaft
in the middle [1]. 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



stone [2].

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 l7th§3 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 [27.

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 [2,3].
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Deep-hole drilling in metal was first attempted in
the production of gun barrels. During the period between 1500
and l?SG,ythe town of Suhl in Thiiringen, Germany was known as
the center of deep-~hole drilling. At that time a water mill
was emploved 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 a£ 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 [1,2].

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 lGEE century and that the
lathe was one of the earliest machine tools [4]. 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 1852 century. 1In 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-




resent Maritz's machine. A cutter head mounted on the end
f a boring bar was rotated by animal power and a downward
‘feed motion was given to the gun barrel. The frame of the
‘machine was 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

the second half of the lSEE-century [5].

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 horizontai, 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 [5].

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 [5].

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,



o achieved fame in several fields of engineering and made
hotable advances in machine-tool design and construction.
This machine, as well as his lathe, mark the transition from
the older wooden-bed machine to the all-metal 'engineering'

type of machine tools [5].

The invention of the twist drill in the United
4'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 [6,35].

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 [24].

The first significant scientific gathering in

America on drilling occurred at the XII Annual Meeting of




the ASME in Boston, November 1885. A paper on "Twist Drills®
. was presented by W.H. Thorn, and dealt with the early prob-

lems of drilling - the introduction of standard drill dia-

meters, shank taper and establishment of optimal helix,
cutting and clearance angles. This event set the stage for
subsequent research work on drilling and boring which, in
turn, contributed to a tremendous progress in this area of

metal working.

Though the initial history of drilling is obscure,

it appears that intensive research work on drilling dates.
back to the 1900's. The earliest attempt to conduct torque
and thrust measurements while drilling in different materials
is attributed to Bird and Fairfield [6]. By that time, many
researchers tried to determine the power absorbed in drill-
ing experimentally. 2Among these the names of Boston, Oxford,
Gilbert, D.Smith, Kronenberg and Poliakoff aré most promin-

ent [8,9,10].

In 1944 and 1945, Merchang [11,12] formulated the
first analytic model of the cutting process. This analysis
applies in general terms to quite a large range of cutting
conditions and it has stimulated later researchers to re-

think the assumptions on which the model is based.

In 1952, Shaw, Cook and P.A.Smith [13] demonstrated the
similarity between drilling and conventional turning opera-

tions. Oxford, Jr. [14] employed a quick stop device to



nfreeze" the chip formation process, in 1955. He found that
while the action along the cutting lip is similar to other
cutting processes, the action of the chisel edge produces
extrusion by high compressive loads. Shaw and Oxford,Jr. [15]
in 1957, applied dimensional analysis and arrived at relationé
which are in good agreement with the experimental results in

terms of the torque and thrust, in drilling.

All these researchers have assumed that the cutting
operation is a steady-state process and the resulting cutting
forces are assumed to represent the steady-state means, the
flucturations being disregarded. However, knowledge of the
nature and magnitude of the cutting force fluctuations is
essential for an accurate dynamic analysis and stability of
machine tools. Also, some very important parameters such as
machinability, surface texture of a machined workpiece, tool
life and power consumption depend upon the magnitude and

frequency of these fluctuations.

Albrecht [17] in 1964, proved that the major cutt-
ing parameters are dynamic and time-dependent, the mean wvalues
of which are identical to the steady-state solutions of
Merchant. Williams [19] in 1969, introduced the dynamic
geometry of a twist drill and investigated the effect of the
feed velocity on the cutting geometry of the drill cutting

edges.



Recent research work revealed that cutting forces in
metal are stochastic in nature possessing a/high degree of
randomness. Bickel, Kwiatowski, Al Samarai, Opitz and Weck
are among the first who have recognized this phenomenon.
Osman and Sankar [28] treated the random force variations
as stationary and Gaussian signals in their proposed short-

time acceptance test for machine tools.

Maragos [29] has proven experimentally that the
cutting forces in turning are stochastic and Gaussian dis-
tributed only in the finishing operation. Subsequent work
by Rakhit, Sankar and Osman [30] wverified that the cutting
forces in turning are random and Gaussian distributed and
furthermore, that the surface texture is highly correlated
with the cutting force fluctuations. Chahil [31] in a
recent experimental investigation of the torque and thrust
in drilling, has confirmed that these variables are random,
stationary and Gaussian distributed with most of the power

concentrated at certain dominant frequencies.

The Beisner process for deep~hole machining, init-

ially developed in Germany during the early 1940's represents
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the most economical method of hole-machining with high length-
to-diameter ratio [1,2,32~55]. It produces holes of high
accuracy of size, parallelism, straightness and surface

finish and represents one of the most significant technologi-
cal advances in the last 30 years. The method consists of a
single~edge cutting head with carbide wear pads. This tool-
ing, when integrated with a high pressure coolant system which
removes the chips back through the interior of the boring bar,
works exceptionally well. Boring tool experts have concluded
that this system is optimum for all hole-making and a series
of boring heads have been designed having the distinguished
feature of the single-edge cutting tool with carbide pads.
This bore-machining method has become known as the BORING &
TREPANNING ASSOCIATION or BTA method. Figure 1.2 illustrates

the principle of this method.

1.3 STABILITY AND SELF-GUIDANCE IN
HOLE-MACHINING METHODS

1.3.1 Twist Drilling

Due to the symmetrical location of the cutting lips,
a twist drill is subject to a completely balanced force
system. The drilling process becomes unstable, due to any
disturbance that might arise from uneven grinding or wear of
the drill cutting edges. Such an imbalance of forces can
only be controlled by the encastré effect of the drill, which

might not be sufficient in the case of long drills to prevent
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waviness and considerable run-out of the drilled hole. This
_ instability is the major reason why twist drills are unsuitable

for drilling holes with high length-to-diameter ratio.
1.3.2 Boring

Boring is a machining process in which internal dia-
meters are generated in relation to the center-line of the
spindle by means of single-point cutting tools, and is mostly
used for enlarging and finishing drilled holes or other circu-
lar contours. Although most boring operations are done on
simple, straight-through holes, ranging upward in diameter
from 1/4 in (6 mm), the process is also applied to a variety
of other configurations. Tooling can be designed for boring
of blind holes, holes with "bottle" configurations, circular-
ly contoured cavities and bores with numerous steps, under-
cuts and counter-bores. .The process 1is not limited by length-
to-diameter ratio of holes. With the workpiece properly sup-

ported holes having lengths that exceed the diameter (or vice-

versa) by a factor of 50 or more have been successfully bored.

1.3.3 Gundrilling

Gundrills are single-edge cutting tools. The length of
a hole theoretically has no limit, but in practice, the
limiting factor is the torsional rigidity of the shank. The
single edge construction with its supporting arrangement

forces the cutting edge to cut in a true circular pattern. By
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this principle of guidance, the tip follows the direction of
its own axis. It follows that it would take mechanical force
to divert the tip from its straight direction and true circu-

lar cutting action.

Due to the single-edge cutting action, gundrills require
aid during the initial cut into a workpiece. 1In fact, until
the bearing area of the tip has started to enter the machined
hole, the tool cannot support itself. Therefore, either an
accurate pre-bored start must be machined into the workpiece,

or a starting bushing provided in the pressure head.

1.3.4 BTA Boring

This method basically utilizes single-edge cutting
tools with internal chip removal and differs from the conven-
tional gundrills in tip construction, fluid induction and
chip removal. However, the guidance principle is identical
to that of gundrilling because of the single cutting edge and
supporting bearing arrangements. The tool cuts in a true
circular pattern and the cutting head follows the direction

of its own axis.

Figure 1.3 shows three typical examples of BTA tools
which are produced as standard items by various tool manufactur-
ers. These tools have one cutting edge and two guide (wear)

pads in common.
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The solid boring head, shown in Fig; 1.3(a) is a
single-edge end cutting tool which cuts into solid metal. The
chips exit through the hollow interior of the head and the
boring bar. The counterboring head shown in Fig. 1.3(b) is
a single-edge end cutting tool which does not cut to center,
but may remove more material than a conventional reamer. The
chips exit through the hollow interior of the head and boring
bar. The trepanning head shown in Fig. 1.3(c) is a single-
edge end cutting tool which cuts into the solid by removing an
annular groove leaving a turned core in the center. The
chips may be exhausted either around the perimeter of the
tool, or through the inside of the head and boring bar between

the inner wall of the bar and the core.

Special deep-hole machining tools such as the ejector
tool for solid boring and the skiving tool for counter boring
are also in use. The skiving tool represents a finishing tool
designed for small cutting depths; the floating cutter is self-
adjustable to cut equal depths on both ends. The ejector tool
is designed for a double-walled boring bar. The coolant is
introduced between the outer tube and the inner tube, and
carried back away with the chips through the inner tube. The
most important feature of the tool is that it represents a
three-edge arrangement, two edges located on one side, and a
third one 180° from the other two edges. One cutting edge
starts at the periphery of the head and cuts through approxi-

mately 0.4 of the radius. The second cutting edge cuts through
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the center approximately Q.4 of the radius. The third one
~located at 180 deg., cuts the remainder of the area, parti-

" ally overlapping the area cut by the other two edges. This
~arrangement gives the tool partially balanced cutting forces,
and takes some of the load off of the supporting pads.
Another advantage of the tool is that it allows a combination
of the carbide grades to best meet requirements for the
toughness and hardness (wear resistance) of each cutting
edge. However, the tool does not take full advantage of the
multi-edge cutting principle, since the length of the three
cutting edges covers only one tool radius and, therefore, is
egquivalent to single-edge tools, in terms of metal removal

rate.

1.3.5 Significance of Deep-Hole
Machining

Despite the existing controversy about the limit of
length-to-diameter ratio which separates the so-called deep-
holes from shallow ones, it is widely accepted that economical
machining of holes in which length-to-diameter ratios exceed
a value of about ten, can only be done by one of the deep-hole
machining methods. Moreover, due to its capability of machin-
ing holes of high accuracy without follow-up operations, the
single edge BTA boring method becomes competitive even for

holes of length-to-diameter ratio less than one.
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Though the gundrills and BTA boring tools have in
common the single-edge cutting and supporting bearing arrange-
ment, hence an identical guidance principle which forces the
tool to cut in a true circular pattern and follow the
direction of its own axis, they differ in tip construction,
fluid induction and chip removal. Besides the difference
that gundrills work with the so-called external chip removal
system, where chips are in contact with the machined bore
wall and the BTA boring tools work with the internal chip
removal system where chips-bore wall contact does not occur,
the essential difference between these two methods is in the
chip formation. While in gundrilling the chips must be
continuous for successful removal,in BTA boring the chips
must be narrow and short enough to exit freely through the
very restrictive chip mouth and throat. For that purpose,
the cutting edge of a BTA tool is divided into 2 or 3 steps
(chip separators) and has chip-breakers to produce short
chips of C-shape. This difference in chip formation makes
BTA boring more efficient than gundrilling, where an
excessive increase in feed rate might produce a heavy back-

bone in the chip and a blockage of the chip pass.

Table 1.1, summarizes the deep-hole operations and
shows the optimal geometry of chip-breaker and chip forms for
each operation.Not less important in the chip-formation pro-
cess are cutting speeds and feeds. In general, the higher the

speeds, the thinner the chips that are produced and the higher
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the feed rates, the thicker the chips that are produced.

Coolants also play an important role in chip-formation
and control. A high-quality coolant will let the chips slide
freely on the cutting edge, thus thinning the chip and allow-
ing increased feeds. The main functions of the coolant
under pressure in deep-hole machining are summarized as

follows:
(a) it forces the chips back out of the hole being cut;

(b) it provides lubricating and cooling effects to the
bearing areas of the tool pads and tool-chip inter-

face;

(c) it applies an axial force to dampen the thrust
vibrations of the tool and end-play in the spindle

bearings of the machine;

(d) the coolant antiweld characteristics prevent the

formation of built-up edges (BUE).

1.4 SCOPE OF THE RESEARCH WORK

From the previous review of the methods available for
hole machining, it is clear that the single cutting-edge BTA
boring method at this stage of development represents the
most economical method of machining accurate holes with good

Straightness, and surface finish. However, the upper limit
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of feed rates for these tools is controlled by the condition

of chip formation and the upper limit of cutting speeds
depending on the permissible tool wear and tool life required.
Therefore, any further increase in the removal rates can only
be achieved by the introduction of tools with cutting edges
that cover more than one tool radius. Such tools however, have
shown inconsistent tool performance [36] when the cutting
edges are symmetrically located on the boring head. 1In this
case, the cutting forces are symmetrically distributed on the
boring head and hence, the resultant becomes indeterminate.
This usually leads to waviness and considerable run-out. After
evaluating a large number of test results using this type of

tool [36], the following conclusions may be reached:

(1) the feed rate per revolution can be greatly in-
creased by increasing the number of cutters with-

out sacrificing tool life;

(2) the straightness of the machined hole is not affect-

ed by an increase in metal removal.

Because of the inconsistency experienced with this
type of tool in terms of bore straightness, the following
design concept is proposed as the basis of this research

work:
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(1) Cutting edges should be placed unsymmetrically on
the boring head in such a way that a predetermined
cutting force resultant is transmitted to the hole-

wall by the supporting wear pads;

(2) the cutting force resultant should be selected in
such a way that, on one hand, enough pressure is
exerted onto the machined hole-wall to prevent run-
out of the tools; on the other hand, this pressure
should be limited to a value that permits a hydro-
dynamic lubrication action between the supporting

pads and the hole-wall;

(3) the pressure variation between the supporting pads
and the hole-wall caused by the hole size variation
controlled similarly to that of single-edge cutting
tools. This requires that one of the cutting edges
controlling the hole size be located opposite the

wear pads.

In summary, this work presents an analytical in-
vestigation supported by an experimental verification of this

design concept.

In Chapter II, the model of cutting forces in deep-
hole machining with single-edge tools is described. Based on the

cutting edge geometry, both the cutting mechanics approach
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and the empirical approach are discussed and mathematical
expressions for the three cutting force components - tangential,
radial and feed, are derived. The expressions are cross-
checked by numerical examples for typical shear-angle rela-
tions and trends illustrated by diagrams. The results are
compared with available experimental data and finally, the

equations for computing the force components are established.

Chapter III deals with the design concept of a stagger-
ed unsymmetric multi-edge tool. The mathematical model develop-
ed for a single-edge cutting tool is applied to this tool to
compute the magnitude of each cutting force component. The
resultant force is determined on the basis of the cutters'
location on the head, and the wear pads located in such a way
that tool guidance is secured. Two such tools were désigned
and built by a tool manufacturing company, one solid boring
and the other, a trepanning head. Tests carried out by the

company proved successful.

Staggered unsymmetrical multi-edge tools proved the
possibility of tool optimization for a predetermined cutting
force resultant, in terms of the angular location of cutters,
relative to each other, but did not allow any significant in-
crease in the feed rate compared to single-edge tools. How-
ever, analysis of the test results indicated the possibility of
optimizing an unsymmetrical multi-edge tool design, such as

that carried out in Chapter IV. In this chapter, an objective
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function for tool optimization is derived in terms of the
supporting reaction and the difference in the cutting force
per unit width of cut. A direct search method 1is adapted to
carry out the tool optimization, in terms of parameters of

the tool, such as the cutting edge angular locations and the
widths of cut. Flow charts of the computer program are

given in a general, subscripted form. Several different tools
are optimized, using the program and are designed according
to the optimal parameters. Two trepanning heads and a solid

boring head are selected for manufacturing and testing.

Chapter V describes the experimental set-up. The
testing of the tools is carried out on a deep-hole boring
machine with workpieces taken from the production line.

The tools selected were trepanning heads of 4.145 inches
(105.282 mm) nominal size, one with three and the other one
with two standard inserts located at optimal positions for
achieving the predetermined supporting reactions. The effect
of the cutting force fluctuations on the tool stability and
guidance was investigated by the use of the two heads, opti=-

mized for different cutting force reactions.

Chapter VI gives the results of tests and discusses
the ﬁool performance in terms of tool guidance and stability,
chip formation, hole size accuracy and hole straightness. It
discusses the effect of the cutting edge geometry with regard
to the front profile, the chip-breakers, and the circle land

clearance.
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Chapter VII, summarizes the results and gives the
conclusions and recommendations for possible future investiga-

tion.

The Appendices contain relevant analyses, a deriva-
tion of the equations, computer programs and layouts of the

tools designed and tested.



CHAPTER II

MATHEMATICAL MODELLING OF CUTTING FORCES IN
DEEP HOLE MACHINING
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CHAPTER II1

MATHEMATICAL MODELLING OF CUTTING FORCES IN
DEEP HOLE MACHINING

The principal concept of the method developed in
this work is based on the prediction of the cutting forces
in deep-hole machining with a single-edge cutting tool. The
analysis, therefore produces equations for the cutting
force in terms of the fundamental cutting parameters such as
the shear strength of workpieces, the undeformed chip cross-
sectional area, the friction angle, the shear angle, the
tool geometry and cutting conditions. This is accomplished
through the cutting mechanics in free metal cutting with a
single cutting edge, as well as mechanics of metal cutting
in turning and drilling with a small feed and large width
of cut. The results of empirical testing of the cutting
forces in turning and drilling are also used to modify as
necessary the formulation of the cutting forces in deep-

hole machining.

In deep-hole machining, the resultant cutting force
R is commonly resolved into three components, the tangential
or power contributing component fT(fp) parallel to the cutt-
ing velocity vector, the radial component ﬁR and the feed

component F see Figure 2.l1. As it can be seen,the tangential

F’




26

Chipmouth
Measuring
pad
Supporting Clearance
pad

FIG. 2.1 CUTTING FORCES ACTING ON BTA SOLID
BORING CUTTER
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and radial components act in the plane perpendicular to the
tool axis and can be represented by force vector F. Also,

the feed and radial components can be considered as the force
vector ﬁq which acts in the radial plane containing the tool
axis. This force may also, under certain assumptions, be

considered normal to the machined surface.

2.1 PREDICTION OF CUTTING FORCES
FROM METAL CUTTING ANALYSIS

In oblique metal~-cutting, it is convenient to consider
three force components - one parallel to the cutting velocity
vector, i.e., the power contributing force, one perpendicular
to the machined workpiece surface and the third perpendicular
to the other two. These are denoted by Fp, Fq and Fr, res-
pectively. In orthogonal cutting the component Fr vanishes
and components Fp and Fq reduce to relatively simple equations

in terms of the fundamental cutting parameters.

Deep-hole machining may be treated as ortho-

gonal cutting. In this operation, the cutting edge cuts
through the center, on one side of the hole, leaving no area
of material to be extruded as with the chisel edge of a twist
drill. The cutting edge coincides with the radial direction
and hence, is always perpendicular to the cutting velocity
vector, except for a limited region at the center, where an
effect of the feed velocity on the cutting geometry of the

cutter should be expected, due to a small radial misalignment
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Recent research work revealed that cutting forces in
metal are stochastic in nature possessing a high degree of
randomness. Bickel, Kwiatowski, Al Samarai, Opitz and Weck
are among the first who have recognized this phenomenon.
Osman and Sankar [28] treated the random force variations
as stationary and Gaussian signals in their proposed short-

time acceptance test for machine tools.

Maragos [29] has proven experimentally that the
cutting forces in turning are stochastic and Gaussian dis-
tributed only in the finishing operation. Subsequent work
by Rakhit, Sankar and Osman [30] verified that the cutting
forces in turning are random and Gaussian distributed and
furthermore, that the surface texture is highly correlated
with the cutting force fluctuations. Chahil [31] in a
recent experimental investigation of the torque and thrust
in drilling, has confirmed that these variables are random,
stationary and Gaussian distributed with most of the power

concentrated at certain dominant frequencies.

The Beisner process for deep-hole machining, init-

ially developed in Germany during the early 1940's represents
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of the cutting edge. Figure 2.2 shows the tool geometry of

a typical BTA solid boring head. If the cutting velocity is,
evaluated in terms of the radius and compared to the

feed velocity, it is apparent that this effect would become
insignificant at a radius of a few tenths of a millimeter.
Also, the obliquity caused by radial misalignment of the
middle cutting edge in trepanning tools is insignificant due
to the large radius at which this zone is located. Therefore,
it is apparent that the cutting process in deep-hole machining
represents almost pure orthogonal cutting and Merchant's
analysis [1l], based on the thin-shear-plane model, applies
with insignificant error. This analysis assumes the follow-

ing to hold:

(1) The tool tip is sharp and no rubbing or ploughing

occurs between the tool and the workpiece;

(2) the deformation is two-dimensional, i.e., no side

spread;

(3) the stresses on the shear plane are uniformly dis-

tributed;

(4) the resultant force R on the chip applied at the
shear plane is equal, opposite and co-linear to
the force R, as applied to the chip at the tool-

chip interface.
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Under these conditions a combined force diagram shown
in Fig. 2.3 could be constructed. The resultant force R
may be related to the other force components as
the friction force F and the shear force FS as well as the
corresponding normal force components N and Fn. From the
diagram, if by expressing the shear force in terms of shear
strength Ss and shearing area in the shear plane and then
substituting in R,the power and thrust components can be
determined from

- SSA cos (Tt~a) (2.1)
P sin¢ cos(¢+T-a) )

SsA sin(t-a)

g = sin¢g cos (¢+T1-0)

(2.2)

where
A = bs - undeformed chip cross-sectional area

s = effective depth of cut in the direction of Fq

b = width of cut
¢ = normal shear angle
T = normal friction angle

o = normal rake angle

From the geometrical considerations of the tool and
chip it follows

r COoSsa,

tang = (2.3)

l-r i
¢ Sina

where




31

—%— is the ratio of undeformed to deformed
C
chip thickness

Equation (2.3) allows ¢ to be calculated provided the

chip ratio is known from an experimental investigation.

From Stabler's [24] original chip-flow rule it follows

COSC (2.4)

tan(e+1) = T—o3ng

for which Stabler's shear-angle relationship is a solution

¢ = 45 - (1-3) (2.5)

Since more than a dozen of shear-angle relations have
been proposed by different researchers, it would be interest-
ing to compare the results obtained with the different forms.
Such a comparison was undertaken and the outcome is discussed
in Appendix 2.

For the shear strength on the shear plane Ss,

Merchant [12] derived the following equation

_ So .
s T T =% tan(¢+T-00) (2.6)

which resulted from SS = Sy + K Opni Gn being the compressive

normal stress in the shearing plane and S, the shear strength

under no compressive stress.
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The slope K in an Ss vs o - diagram can be experi-
mentally determined for each particular material. Merchant
found for SAE 4340 steel K = 0.175 and SO = 69,000 psi, and

for N.E. 9445 steel K = 0.23 and So = 58,000 psi.

In order to apply equations (2.1) and (2.2) all funda-
mental parameters have to be determined for a given chip
cross-sectional area. In addition to the assumptions already

made, some further implications have to be stated:

(1) All parameters are at average values over the length
of a cutting edge. This is important, not only because
of the dynamic character of the cutting parameters
but also because of the fact that the velocity linearly
increases with the radius and this change in cutting
speed affects the chip ratio and all other parameters.
From numerous experiments [21,22,23] it is evident
that the cutting forces increase with a decrease in
the cutting speed. 1In spite of this fact, it seems
reasonable to assume that the chip ratio and hence,
the specific cutting force along the cutting edge, are
relatively constant and equal to an average value.
The evidence available from tests in deep-hole machin-
ing [62] supports such an assumption and shows that

the associated error is not significant.



33

(2) Side shear forces are neglected, although it is
obvious that in deep-hole machining, several side
shear areas exist, one for each chip separator.
Because of a large chip slenderness ratio, the error

due to these forces may be considered insignificant.

(3) The assumption of no side spread implies that the
chip ratio is independent of the width of cut. The
experimental evidence [22] confirms such an
assumption, although a slight effect has béen register-

ed.

(4) Friction forces which occur at the flank surface
of the cutters as a result of contact between the work-
piece surface and the cutting flank are neglected,
although the experience with twist drills confirms
the existence of such forces. If they are to be
accounted for, they may be taken constant along the

cutting edge, acting in the direction of Fp [26].

Since the cutting geometry is known in advance, such
parameters as the rake angles Oy and approach (front) angles
K, are known for each chip zone P - So the three cutting
force components can be calculated over m chip zones, similar
to those for a turning tool,particularly the modified

Kolesov's tool for turning [25] - see Fig. 2. 4:
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FIG. 2.3 COMBINED FORCE DIAGRAM IN ORTHOGONAL
CUTTING

FIG. 2.4 RADIAL AND FEED COMPONENTS OF THRUST
FORCES
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m
F = Z F ; k= l,2,nu-,m (2.7)
T k=1 pk

m

FR = Iz P X sin S k=1,2,...,m (2.8)
k=1
m

FF = & P k COS Ky k=1,2,...,m (2.9)
k=1 i

where

_ SS bk Sy cos(rk-ak)
Fx~ sing¢ COS (¢, +T, =0 ) (2.10)
P k k Tk "%

SS bk Sqc Sln(Tk—ak)

F = :
gk Sing, cos(q>k+1:k uk)

(2.11)

where b, is the width of cut, and s; the depth of cut
for each chip zone Py - The approach angles K, are taken with
corresponding positive or negative signs. For example, the

cutter shown in Fig. 2.4 has K, of negative sign,since the

negative radial force should point outwards.

In this way, the cutting forces in deep-hole machining
may be predicted for a single cutting edge by the use of
equations (2.7) to (2.11l) derived from the thin-shear-plane
model. Appendix 2 gives 2 numerical examples tabulated in
Tables A2.1 and A2.2 and illustrated in Fig. A2.1
and Fig. A2.2. PFurther implications of this approach will be

discussed in the conclusion to the chapter.
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2.2 PREDICTION OF CUTTING FORCES FROM
EMPIRICAL TESTING

The empirical method of determining the cutting forces
supplies information for specific cutting operations and
usually considers the influence of practical rather than
fundamental variables. Deep-hole machining has not yet been
empirically tested and no data are yet available for that
process. However, it is possible to apply the data from
turning and twist drilling, the two operations having been
extensively tested in the past. These operations are, by
the nature of the cutting process, similar to deep-hole
machining operations and the data available from their testing
may help in an effort to predict the cutting forces in deep-

hole maching by an empirical approach.

2.2.1 Turning Operation

The turning operation is an operation that has been
tested the most. Many researchers have done extensive work in
the area of cutting force prediction through empirical testing[21,
22,23]. According to Kronenberg [23] the main cutting force
FT can be evaluated from either the so-called elementary

cutting force law

F = A K (2.12)

where
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A = bs - an undeformed chip cross-sectional area

b = depth of cut
s = feed per revolution
Kp = unit cutting force given by
_ - -V _-W
Kp = Cp E(A) Cy b s (2.13)
or the Extended cutting force law
F, = ¢, b* ¥ (2.14)

where x and y are exponents depending on the workpiece
material and Cp is the cutting force for b = 1 mm and s = 1 mm.
This specific cutting force represents a very important mater-
ial constant in cutting mechanics. Since the chip cross-sec-
tional area of 1 mm® represents a unit well within practically
encountered chip cross-sectional areas it is widely accepted

in the practice of metal cutting.

From a comparison of (2.12) and (2.14), it is evident
that the unit cutting force Kp is not constant but a function
of b and s. It has been proven, however, that Kp is not
affected by the depth of cut b, and that s non-linearly affects
Kp. In other words, for the same chip cross-sectional area,

Kp will be larger when the so-called slenderness ratio is
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larger, i.e., when the ratio of the depth of cut to the feed

per revolution is larger.

While a deep cut and small feed (i.e., a large slender-
ness ratio) permits an increase in the cutting speed according
to the so-called extended cutting speed law, this combination
of the depth of cut and feed also increases the unit cutting
force Kp. An increase in the cutting force, however, is a
disadvantage because no increase in the metal removal results.
However, larger forces do arise and hence, larger deforma-
tions of the machine and workpiece occur. The combined in-
crease of cutting speed and cutting force caused by a large
slenderness ratio requires also an increase in machine power.
This means that a deep cut favors tool life; a shallow cut
favors the metal removal rate and accuracy of turning. In
other words, power requirements and cutting forces decrease as
the chip cross-section approaches the shape of the square;
this, however, occurs at the expense of tool life which is

adversely affected thereby.

From equations (2.12),(2.13) and (2.14), it follows

that

_ l-u l-w _ Xy
FT = Cp b S = ckb s (2.15)

and since b does not affect Kp, u =0 and x = 1. The exponents
y and w can be determined from experimental data. Due to
lack of such information in deep-hole machining, it was

decided to use data established for the turning operation.
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Such data were found in the VDF machine tool catalogue [68].
It has been successfully used for the torque and power predic-
tion in turning for a long period of time in Germany, and
elsewhere. The data were plotted in the log-log grid for three

characteristic groups of materials as shown in Fig. 2.5.

As can be seen from the diagram, there are three groups
of materials whose plots could be satisfactorily fitted by
straight lines for the range of the variable s between
0.1 and 0.5 mm. Linear extrapolation can be used for
s less 0.1 mm. Also the values of Kp for s = 1 mm, denoted
by ¢, are determined by linear extrapolation to ensure the
correct values of Kp between 0.05 and 0.5 mm. This procedure
is commonly used in the empirical approach. The slope of the
sets of straight lines represents the exponent w of the variable
s. This follows from equation (2.13) if its logarithm is

taken, keeping in mind that u = Q

log Kp = log ck - w logs (2.16)
Obviously, from this equation Kp = Cp when s = 1 mm.

Table 2.1 gives relevant parameters evaluated from the
diagram in Fig. 2.5. These values are valid only for the
range of s stated that happens to be encountered mainly in

the practice of deep-hole machining.
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Data from [21] which represent a collection of
the results of several German, American and Russian

researchers, is condensed in Table 2.2 . In addition

to the parameters relevant to the main cutting forces FT'
the Table contains parameters for determining the radial FR
and the feed FF components, as proposed by several Russian

authors [21]

b* ¥ (2.17)

F_ = c, b* sY (2.18)

If the values from Table 2.1 are compared to those
given in Table 2.2, it results in the exponent for steel
being identical, while for cast iron, brass and in particular,
with regard to aluminum, large differences exist. In
addition, from looking at Table 2.2, it can be observed that
the radial and feed components are affected nonlinearly by
the depth of cut, the exponents being 0.9 for the radial

and 1.1 for the feed component.

Zorev [22] gives diagrams on log-log grids for steel
and cast iron for the evaluation of different types of cutting
operations. This parameter is in work units per volume and
hence is identical to the unit cutting force KP. If the

exponent y is evaluated from these diagrams, its value varies
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between 0.8 and 0.9 with the mean at 0.86 for steel and be-
tween 0.78 and 0.84 with the mean at 0.8 for cast iron. These
values are slightly higher than those in Table 2.1 and

Table 2.2.

Kronenberg [23] indicates that the unit cutting
force can be evaluated by the use of an exponent for the feed of
w=0.2 from the A.S.M.E. Manual. This value was originally
accepted for SAE 1020 steel, but further analysis showed that
this relation between the feed and the unit cutting force for
other steels can be averaged, resulting in parallel lines.

This value of the exponent is 0.8.

2.2.2 Twist Drilling Operation

The forces of interest in twist drilling are the tangent-
ial or power contributing component usually expressed by the
torque T and the thrust component in the direction of feed
along the drill axis FF' The radial components cancel out due
to drill symmetry. The torque and thrust are generally
evaluated from empirical testing, though there were attempts
for the evaluation of torque from basic cutting mechanics by
an analytical approach [26] . In the latter case, the chisel

edge effect had to be eliminated by drilling a pilot hole.

The torque and thrust force derived from an analysis of

empirical testing follow relations of the form
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T = ¢ DXlgY! (2.19)
F K DY2fY2 (2.20)

where

t+h
i}

feed

drill diameter

o
]

C and K are material constants dependent on the drill
geometry and cutting fluid and x;,x2 y1 and y2 are expenents

experimentally determined for various materials.

Boston and Oxford [8] have found x; = 2.0, x2 = 1.0

0.6 and y2» = 0.6 for cast iron and x; = 1.8, x2 = 1.0,

Y1
0.78 and y2 = 0.6 for steel.

Y1
Other investigators [9] these constants have been
determined for various materials using different cutting fluids.
They concluded that the exponents x;,x2,y:1 and y. remained
unchanged within certain groups of materials such as those in
the turning operétion. However, the material constants C and K for
different steels varied with the strength of material and the
cutting fluid used. While a change in these constants was
somewhat proportional to the ultimate strength of the metal,
the effect of the cutting fluids was recorded through a decrease
in these constants, ranging up to 33 per cent, compared to

drilling dry.
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These constants, seem to be different in small commerc-
ial drills because of the smaller effect of the chisel edge,as
was found by Boston and Gilbert [10]. If the drill
diameter is between 1/8 and 1/2 inch then y, = 0.87
for steel. For the SAE 1020 steel, they found that Y, = 0.78,

an exponent which is identical to Y:.

Meanwhile, Kronenberg proposed using X; = 1.803 and

y; = 0.803 [15].

Shaw and Boston,Jr. [15] treated the problem in a
semi-analytical fashion computing the torque and thrust using
dimensional analysis. They derived general equations for
drill torque and thrust considering the influence of
web thickness. When a standard drill is assumed with the
web to diameter ratio, a constant equal to about 0.18, approxi-
mated in the normal range of feeds, their relations simplify
to

1.8.1.8

= 0.087 HB D £ (2.21)

H
|

, 0.63
F K HBD £

F (2.22)

Equation (2.21) is identical to Kronenberg's relation
and equation (2.22) is very close to the original relation of

Boston and Oxford. An interesting feature of these relations

is the proportionality of the cutting forces to the Brinell

hardness.
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2.3 COMPUTATION OF CUTTING FORCE
COMPONENTS

From the evidence of the cutting force prediction through
both cutting mechanics and empirical testing, it seems that
equations (2.7) to (2.1l) can be used for calculating of the
forces provided a reliable experimental relation between the
chip ratio and the effective depth of cut is available. From
the computations given in Appendix 2, based on a hypothetical
relation derived from tests in turning, it appears that the
best agreement with the experimentally measured force compon-
ents was achieved from an approximation of Oxley's shear
angle relationship[24]. Hence, this is in agreement with a re-
commendation for the general use of this relationship in
cutfing force evaluation from the cutting mechanics, provided
that the constants c; and ¢, are determined in each particular
case of application to suit the range of cutting conditions

under consideration [24]:
¢ = c1 = ca2(T-a) (2.23)

In addition, an investigation into the chip ratio-depth
of cut relation should be carried out to find a relationship
similar to those given by (A2.8) and (A2.13) in Appendix 2.

The investigation should be conducted in deep-hole machining
operations and most probably can provide such results of a
much narrower range of the variable s than it was possible to

do in the turning operation, but still sufficiently wide
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for this purpose.

Since such an investigation is not the major concern
of this work, a combination of the theoretical approach,
based on cutting mechanics and the empirical approach, based
on tests in turning and drilling is used. Namely, the thrust
force component will be evaluated empirically and then re-
solved into the radial and feed components, depending on the
tool geometry defined by angles x. In addition, the
unit cutting forces will be evaluated from experimental data
in deep-hole machining for a particular material and multi-
pliers, based on the tensile strength and Brinell hardness,
established for other materials. Such correlations of
theoretical and empirical cutting force laws have already been

used in turning ([23,25].

Accordingly, the thrust force formulation must contain
the radial and feed component raised to the same power. 1In
turning steel, this exponent can be an average of 0.55 and
0.75, as given in Table 2.2, for the radial and feed components.
This value of-0.65 seems to be close to the values of 0.6-0.63
found by many researchers for the thrust force in drilling.

In addition, the trend of the unit cutting force found with
this value of the exponent seems to be in good agreement with
trends resulting from some shear-angle relations, see the

diagram in Fig. A2.2 - Appendix II.
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The exponent Y in the main cutting force seems

to be less difficult to select. Namely, in turning this ex-
ponent varies from 0.78 to 0.9 for steel. In drilling steel

it was established at an average value of 0.8. So, an appropriate
value for this exponent, from the experimental results, is

0.8, although trends of the unit cutting force from the

diagram in Fig. A2.2 - Appendix 2, favours a slightly higher

value.

The exponent for the depth of cut in turning x is
one for the main cutting force. For the radial and feed force
components, however, it was found to be 0.9 and 1.1, respective-
ly. If it is to be a common exponent for the thrust force, an
average value of 1.0 should be selected. This value is in
agreement with the value of the exponent for the diameter in the
thrust force in drilling. This is also in agreement with the

assumption that no side spread occurs in chip, formation which

means that the chip ratio and hence, the unit cutting force, are

not affected by the width of cut b.

Therefore, the relationship between the cutting force
components and the chip cross-sectional area can be expressed

by the extended cutting force law

Fox = Skp b’ljl sil (2.24)
Fok = Skq bi:z s{z (2.25)
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where x; = 1.0, yv1 = 0.8, x, = 1.0, Y2 = 0.65 and Ckp and
qu are unit cutting forces for s = 1 mm. They are computed
from the experimental values of the tangential and radial
cutting force components. As stated, these unit cutting
forces are taken as constant along the cutting edge of a tool
except for the inner zone where higher values were found,
both analytically and experimentally, and taken into account

through the multipliers Cp and cq; the multipliers giving an

average increase over the zone.

Equations (2.24) and (2.25) are used instead of
equations (2.10) and (2.11), but equations (2.7) to (2.9)
are unchanged and they constitute the governing equations for the
prediction of the cﬁtting fofces in deep-hole machining with
a single-edge cutting tool. They are to be used for both

solid~-boring and trepanning tools.

As an example of the tool for which experimental data
are available from recent research work [62, 70 ] the
tool can be taken with the following parameters: D = 50 mm,
pP1 = 6.5mm, p, = 14 mm, p;s = 4.5 mm, k; = 18 deg, k2 = 12 deg,

20 deg, the workpiece material is DIN-CG60 steel similar

Ks
to SAE 9255, cutting speed 90 m/min and feed 0.14 mm/rev.
The cutting force components experimentally measured FT = 9250 N,

F_, = 1040 N and FF = 7000 N.

By the use of equations (2.7) to (2.9), taking into

account equation (2.24) and (2.25), we can compute ckp and ckq
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since the multipliers can be evaluated from the experimental

results at cp = 1.16 and ;q = 1,28

3

F_= I ¢, bXl g¥i (2.26)
T k=1 kp "k k

since ckp and s are common to all zones,

F,=c

Yi, X1, X1 X1 2
T kps (p1 +p2 +§pp3 ) (2.27)

from which ckp as the only unknown, can be determined. Using

the given data, it was found that xp = 1733.68 N/mm?2.

Similarly,

X2 Y2 s
ckq bk sk sin Ky (2.28)

or in an expanded form

Y. X2 : X2 . , X2
s (pl San1+p2 sink .+t P, sinks) (2.29)

R kg q

from which ckq can be determined. If the given data is used

= 2
then ckq 1265.68 N/mm<.
But if the value of ckq can also be computed from the
feed component

X2 Yo
ckq bk sk cos Ky (2.30)

1



52

which in expanded form becomes

F_, = cC 2

Yo, X2
F kg S (p1

X
COSK1+pf cosmz+cqp32c05K3) (2.31)

from which ckq = 993.55 N/mm?. Ideally, the values computed

from the radial and feed components should coincide. Because

of the simplified model of the cutting forces used and possible
errors occurring in the experimental measurements,
these two values differ. The value used in subsequent calcula-

tions is the average of these two, hence Ceq = 1129.61 N/mm?.

The cutting force components computed from these para-
meters are included in Table A2.1, from which it can be seen
that they agree very well with the values computed from an
approximation of Oxley's shear angle relationship. A comparison

of the experimental results is not meaningful.

Another example of the tool for which experimental data

are available from [1l] is:

D=35mm, p; = 8.25 mm, p; = 5.65 mm, p3 = 3.6 mm,
ky = 18 deg, k2 = 12 deg, k3 = - 20 deg, workpiece material
the steel DIN C.60 - similar to the steel SAE 9255, cutting speed
107.75 m/min and feed 0.16 mm/rev. The cutting force components

measured experimentally are F, = 5000N, F_ = 2800 N and

T R

Fp = 5300 N. The cutting force components evaluated from
these parameters are tabulated in Table A2.2. The forces in

row 7 are based on the empirical relation using the unit
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cutting forces computed in the first example. They agree
best with the results obtained from Oxley's shear angle rela-
tionship, but differ significantly from the measured compon-
ents. The difference is remarkable in the radial component
which is the major reason why the data could not be used as

a base for the empirical cutting force computation.

This difference in the cutting force components,parti-
cularly in the tangential and radial forces which constitute
the cutting force F in the plane normal to the tool axis,

affects the angle 6 between F_ and F, often called the phase

R
angle. This angle plays an important role in tool guid-

ance since it defines the wear pad locations. It is defined
by:
F F ,
8 = tan 1(Fg) = cos™ ! (—=2) (2.32)
R F

From Tables A2.1 and A2.2, in Appendix 2, the differences
in 6 between the last three rows (6,7 and 8) of the first tool
and rows 6 and 7 of the second tool are about one degree,which
is certainly tolerable,from the viewpoint of the wear pads'
location. But, the difference between these 6-s and the value
obtained experimentally for the second tool is about 24 degrees

and hence, it is unreliable in the prediction of the cutting

force direction.

The experimental evidence concerning the cutting force

components in deep hole machining reported in [35] shows a



54

ratio of (FT/FR) = 4.25 for workpiece material EN8, giving an
angle 6 of approximately 77 deg. Unfortunately, nothing was
reported on the tool geometry used, except that its diameter
was 22 mm, so any further comparison with the two examples

is not possible. Nevertheless, the example proves that

the cutting force components reported in [62,69] are more
likely to occur in deep hole maching than those reported in
[1]. This is why the data obtained from the first example
are more reliable for further use in the prediction of the

cutting forces in deep-hole machining.

Another aspect, which is important from the viewpoint
of tool guidance, is the variation of 8 due to fluctuations in
FR and FT caused by feed wvariations. These feed variations are
necessary in order to control the chip formation. This can be
illustrated by an example likely to occur in practice.

Suppose an optimal effective cutting depth is 0.15 mm and for
purposes of chip formation control, it is wvaried * 50 per cent.
If the exponent y; and y: were identical, 6 would not wvary
at all. For values of yi1 and y» equal 0.8 and 0.65 respec-
tively, selected for further use, it appears that the given
variation in s would cause 6§ to range between -0.63 and

+ 0.33 deg, which may be considered well below the significant
variation in a cutting force direction. The same cutting depth
variation would, however, cause cutting force variation in a

magnitude of between - 42.5 and + 38.2 per cent. These cutting force

variations, both in magnitude and direction during a period of
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initial feed variation to achieve stable cutting with optimal
chip form, should be within certain permissible limits, in
order to make this feed variation possible. The example
illustrates that during that period, the cutting force will
vary in magnitude while retaining an almost cdnstant direction.
This agrees with the experimental results reported in [35]
which show that although the cutting force magnitudes vary for
different feed-speed combinations, their relationship appears

to remain constant.

The greatest number of reports on experimental cutting
force measurements in turning show that the radial components
are more affected by the variation in the depth of cut than the
tangential component [59], although there are reports which
reveal a linear relationship between the force components and
the effective depth of cut [58]. From this analysis, the
latter is unlikely to be true, except for large positive
rake angles, when the chip ratio seems to be independent of

the depth of cut [22].
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CHAPTER III

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

3.1 BASIC CONCEPT

The concept of staggered multi-edge tools with cutters
unsymmetrically located on the cutting head represents a step
forward, compared to the conventional single-~edge tools. In
this tool, each cutter cuts over its circular zone, partly
overlapping with each other, as shown in Figure 3.1(a). The
name comes from their staggered or zigzag arrangement with

possible overlapping of the cutters.

This tool has an advantage over the conventional single-
edge tool in partially balanced cutting forces. Similarly as
that of the ejector tools, this arrangement takes some of the
load off the supporting pads. 1In Fig. 3.1, a single
pad has a symbolic meaning to designate the direction in which
the tool should be supported. In actual tools, each pad is
replaced with at least two wear pads, conveniently
located relative to this position, depending on what amount of

friction is anticipated at the wear pads.

Another advantage is that the cutters can be combined
at will, as far as their approach angles k are concerned, in-
cluding the use of standard carbide or trepanning inserts.

In addition, carbide grades can be combined, taking for the
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é? outer and middle cutters higher grades to meet higher hardness

requirements and for the inner cutter, lower grades to meet

higher toughness requirements.

The concept also allows better design flexibility in

order to achieve maximum tool strength by proper location of
chipmouths and chipthroats. This, by itself, contributes to

ﬁt the better balance of the mass in rotated tools.

Flexibility of the concept in achieving an optimal
% resultant force transmitted to the bore-wall is illustrated in
‘ Fig. 3.1. An initial arrangement with the three cutters
located as shown in (a) would give the resultant force R (b) with
the support reaction ES. This arrangement, obviously, would
not be good for two reasons, first, the outer cutter which con-
trols the hole size is not located opposite nor nearly opposite
to the supporting pad to ensure an efficient hole-size
controlling effect, and secondly, the tool would not be capable
of supporting itself during its initial cut into a workpiece
because fl, the cutting force of the middle cutter which cuts
first, is not pointing against the supporting pad. The i
latter could be achieved by interchanging_the location of the
middle and outer cutters,but the hole size controlling effect would
be completely lost. Moreover, a small initial oversize or
undersize would tend to increase rapidly. But, if the inner
cutter is angularly displaced by A¢s; counter-clockwise, the
cutting force of this cutter, although constant in magnitude,

t
will change to the vector fa with a new cutting force




ROTATED VIEW
OF CUTTERS

b)

CUTTING FORCE
POLYGON

FIG. 3.1 SOLID BORING HEAD WITH STAGGERED
CUTTERS

58



59

resultant ﬁ', as shown in (b). The new arrangement has the
support reaction ﬁé which eliminates the shortcoming of the
previous set-up. Namely,the outer cutter,which controls the
hole size is located nearly opposite to the supporting pad and
the tool will be supported during its initial cut, since the

force flpoints against the supporting pad.

The example illustrates the possibility of achieving
an optimal tool arrangement by simple trial and error approach.
Though the cutting forces remain constant in magnitude, the
concept leaves a lot of possibilities in the attainment of a
predetermined cutting force resultant and hole size controll-
ing conditions by angularly displacing the cutters and/or inter-

changing their locations.

The staggered unsymmetrical tool, although a multi-edge
tool ,does not take full advantage of the multi-edge cutting
principle since the length of all cutting edges covers only
one tool radius., Therefore, this is equivalent to a single-edge
tool in terms of metal removal rate, However, because of
the possibility of combining carbide grades, it may allow a
slightly higher feed rate or an extended tool life, compared

to a single-edge tool.

The cutting force system, acting upon a staggered un-
symmetrical multi-edge tool, as presented in Fig. 3.1, implies
that all elastic effects are negligible. Namely, the boring

bar with the cutting head is considered as a beam fixed at one
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end and loaded by the cutting force resultant at the other end.
This resultant will be fully transmitted to the supporting

pad if the so-called encastré effect is neglected. This effect
is greatly affected by the amount of clearance and film thick-
ness between the supporting pad and the machined bore. In the
case of thin-film lubrication, this clearance is infinitely

small and therefore, elastic effects can be neglected.

The problem of cutting force balance can be described
analytically in the Cartesian coordinate system x-y for a tool
of n cutting edges. fl,fz,...,fn are the cutting forces;
81,82,...,8n are the angles between the cutting forces and
corresponding cutting edges, often called the phase angles,

T is the drive torque and ﬁs is the supporting pad reaction.

From the equilibrium conditions

and

n
R = -3 (F.) (3.2)

. n .
edd = o3 |F,| &3 (93%%;) (3.3)

where A is the angle of ﬁs vector with respect to the x-axis,.

Equation (3.3), written in trigonometric form becomes
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cos(q>i+ei)]2
sin(¢i+6i)]2}% (3.4)

The line of action of ﬁs is given by the angle A as

&3

> no,
A= tan—l[ |Fi] sin(¢i+ei)/'2 IFi} cos(¢i+9i)] (3.5)

i=1 ' i=1

Equation (3.5) determines the location of the supporting pad

in terms of the cutting edge locations, phase angles and the

and n,the conditions

number of cutters. By controlling gi’¢i’ei

necessary for tool guidance and stability can be determined.
The cutting force magnitudes can be found from equations (2.26)
and (2. 28) as:
|F. | = (F2, + F? )% (3.6)
i Ri Ti :
and the phase angles 6. from equation (2.32). The

number of cutters can be conveniently selected for each

particular tool.

By expanding equation (3.4) and taking into account

Froy = ]fii cos 6, (3.7)

mi sin ei (3.8)
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we get
—)' n . 2
R | ={Ei§l(FRi cos ¢, = Fp; sin ¢.)]
3 2
+ [izl(FRi sin ¢, + FTi cos ¢i)] } (3.9)
and also
n
. iil(FRi sn.n¢i + FTi cos¢i)
A = tan = (3.10)
iEl(FRl coscbi - FTi 51n¢i)

Equations (3.9) and (3.10) together with equations (2.26) and
(2.28)can be used for direct computation of the supporting pad
reaction and its angular location on the cutting head for a

given tool diameter, number of cutting edges, their geometry

and the feed selected for each particular workpiece material.

3.2 OPTIMIZATION OF THE TOOLS

The supporting pad reaction R, and its angular location
A are parameters which, in addition to the widths of cut and angu-
lar locations, determine the cutting head shape. Hence, a
designer must know them in advance before making any layout of
the head. R, should be large enough to eliminate the possi-
bility of an indeterminate supporting force Rg. At present,Rg

can be taken approximately equal to the magnitude of the cutting
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force in a single-edge tool, but more precise criterion will

be developed in the next chapter.

Since the widths of cut are determined by the tool
diameter and can be approximated from R/n, where n is the
number of cutters, and since the tool is designed for a partic-
ular workpiece material, the cutting force magnitude is constant
and can be calculated. The locations of the cutter, ¢i’ however,
as well as the supporting pad location )\ are parameters which
may be varied in order to attain a predetermined RS. This 'trial
and error' procedure could be done best graphically, but better
accuracy would be achieved analytically, by using equations (3.9)
and(3.10). The trial and error procedure is lengthy and an

optimization procedure would do the job faster.

Our objective is obviously achievement of a predetermined
Rs’ so the objective function can be constructed from equations

(3.9) and (3.10) as follows:

u

Y(¢ll}\) Sin(q)i—}\)]z

n
I{[ii Fpy €OS(¢;=A) = F,

1 R1

P cos (¢,-1) 121 |- |R_|

i

Mg

F,. sin(¢i—k) + F

Ri Ti

1

(3.11)

with the constraint given by equation (3.10).
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The objective function can be greatly simplified by

rotating the coordinate system at A counter-clockwise

n
. -
Y(¢;) = | iEl(FRicos ¢; = Fpysin ¢.)| - |R.] (3.12)
with the constraint
n
izl(FRiSLn ¢i + FTicos ¢i) = 0 (3.13)

In addition to the constraint (3.13) the system is subject to
additional restrictions in terms of the variable ¢i. Namely,

the outer cutter must be located in an angular zone opposite

the supporting pad and the cutting force vector of the cutter
making the initial cut must point against the supporting pad.These
restrictions can be taken into account by prescribing the

lower and upper bounds for the corresponding parameters ¢i.

It is obvious that the system (3.12) is subject to
the equality constraint (3.13), so that a modified objective
function can be constructed to give an unrestricted form as

follows:

n >
Y(¢;) = | E (F ;08 ¢, - Fo,sin ¢i)| - |R

R Ti s|

n
E (Fpisin ¢; + Fpicos ¢.) | (3.14)
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where kw is the positive weighting factor.

As we see from (3.14) the modified objective function
represents a multivariable, unconstrained, nonlinear function

which should be a minimum; preferably zero.

The method used to minimize (3.14) is basically a
numerical, direct search method accelerated in distance
proposed by Hooke and Jeeves [63]. The procedure requires
no derivatives and assumes a unimodal function; therefore, if
more than one minimum exists or the shape of the surface is un-

known, several sets of starting values are recommended [64,65].

The algorithm minimizes the function

F(xl,xz,...,xn) (3.15)
in the following procedure:

(1) A base point is picked and the objective function

evaluated.

(2) A local exploration is made in each direction by
stepping X;, @ distance A, to each side and
evaluating the objective function to see if a

lower function is obtained.

(3) If there is no function decrease, the step size
is reduced and exploration is repeated from the

previous best point.
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(4) If the value of the objective function has

decreased a new temporary base point xik:l) is
’

located using the two previous base points

xik+l) and xék):
xi%:l) = xik+l)+cx[x£k+l) - xék)} (3.16)

where
i = the wvariable subscript 1,2,...,n
0 = the temporary base point
k = the stage subscript (a stage is the end of n
searches)

o = an acceleration factor a > 1

(5) If the temporary base point results in a lower
function value a new local exploration is per-
formed about this point, a new base point is
located and the value of F checked. This

expansion continues as long as F decreases.

(6) If the temporary base point does not result in a
lower function value, a search is made from the

previous best point.

(7) The procedure terminates when the convergence

criterion is satisfied.
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A descriptive f£low chart for the pattern search is
given in Fig. 3.2, while a descriptive flow chart for the
exploratory moves is given in Fig.3.3. The detailed flow
chart given in Fig. 3.4 contains three stages of the variables
X and Y during their transformation, the interpretation is

as follows:

X = current base point
Xx = base point resulting from current move
Xxx = previous base point

Y = functional value at base point

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

A = current step size
§ = "minimum" step size
p = reduction factor for step size, P < 1
X + X = the value of variable X is to become the new
values of the variable XX

= a set of exploratory moves are to be carried out

tg
(2]
e
>
i

which will affect the values of the variables Yy

and X
X

A FORTRAN computer routine has been adapted for this
particular task and is used to optimize the tool designs

presented in the next section.
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The program has originally been written as a maximiza-
tion technique but was translated into the minimization algo-

rithm by changing the sign of the objective function
Maximize{-F(X ,X ,...,¥_.)} = Minimize {F(X ,X ,...,X_}
1 2 n 17 2 n

The selection of the direct search method was prompted
by its general suitability to small nonlinear problems. Since
the chip-forming conditions and space problems in locating
large numbers of cutters on a cutting head, together with the
machine power and torsional rigidity of the boring bar do
not allow too large a number of cutters to be used, it was
decided to develop a technique capable of handling optimization
of tools with a maximum of five cutters. For staggered tools
the angular positions of the cutters constitute decision
parameters. As it will be shown in the next chapter, the
number of decision parameters in solid boring tools is at most,
double. Thus, a problem where such small numbers of decision
variables constitute a nonlinear objective function is best
ocptimized with a direct search method. In\addition,
experience during the testing of the program showed that the
parameters tend to change in one direction, while causing the
objective function to converge to a minimum. This justified
the application of the method accelerated in distance.

The acceleration was in some cases, such that hundreds of

times larger step sizes than the initial one were realized
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between some of the base function evaluations. This also
made normalization of decision variables unnecessary, because
the algorithm, itself, accelerates a change of the variables
with the larger effect on the objective function to converge

to a minimum at each stage of the optimization process.

Sometimes it happens that the optimum achieved is a
local, rather than a global one. This can be easily determined
from the computer printouts. In this event, a change in
either of the weighting factors, or in the vector of initial
estimates for the decision variables, helps to achieve the global

minimum which is zero by definition of the objective function.

The computer routine consisting of a main program and
five subroutines appeared to be convenient and fast. The
program listing and typical outputs are given in Appendix IV.
The main program supplies the input data, calls for the sub-
routines and prints the output. The first two subroutines
carry out the pattern search and exploratory moves, as shown in
the descriptive flow charts in Figs. 3.2 and 3.3, respectively.
The third subroutine supplies lower and upper bounds for the
decision variables. The fourth subroutine computes the
radial and tangential cutting force components and evaluates
the objective function. The last, fifth subroutine computes
the resultant cutting torque and the resultant feed force,
and evaluates the deviations in magnitude and direction for

the resultant cutting force. A detailed analysis of
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variations of the cutting forces is given in the next chapter.

The computer program is written in FORTRAN
and the calculations are performed on a CDC-6400 computer.
Some typical ocutputs show that the total number of functional
evaluations varies between 290 and 350, the number of the
base evaluations between 35 and 65, and the central processor

time, between 5.6 and 5.9 seconds.

3.3 DESIGN OF THE TOQLS

Two staggered tools, a solid boring head and a tre-
panning head, were optimized by trial and error, for the
purpose of testing, before the optimization technique was
developed. The same tools were optimized by the use of the
optimization procedure on the computer, based on the same

resultant force transmitted to the bore-wall.

The layouts of both the tested tools and the tools
resulting from the optimization by computer are shown side-by-
side, in Fig.3.5 and Fig. 3.6. Fig. 3.5 shows the solid
boring head of the two staggered, standard trepanning inserts,
unsymmetrically located, and Fig. 3.5 shows the trepanning
head with two staggered, standard trepanning inserts un-
symmetrically located. The standard trepanning inserts proved
convenient for use in testing the tools, because of their
fast and easy replacement in case of failure. A comparison

of the tools optimized by trial and error, and the tools
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optimized by computer reveals that the differences are signi-
ficant, including the difference in the concept of the tool
supports, although they were optimized for the same supporting
reaction. While in the optimization by trial and error, the
supporting reaction is guessed in percentage of the cutting

force exerted by a single cutter, in the optimization by computer
this reaction is numerically evaluated at a predetermined value,pro-
vided the workpiece .material and the feed are known. Moreover, its
variations in magnitude and direction are predictable, provided
information on the fluctuations of the cutting forces is available.
If the deviations in magnitude and direction of the supporting
reaction indicate that the tool stability is not ensured,

an increase in this reaction would lead to aﬁ\improvement in
stability conditions. How the mechanism of a conditioned
stability behaves, will be discussed in detail in the next
chapter. For the present, however, it can be stated that the
stability conditions for the solid boring head have been

found satisfactory. Table 3.1, indicating the main parameters

of the two tools, reveals that deviations of the supporting
reaction of this tool are quite significant, particularly the
deviation in direction. The purpose of these two examples is

not to revise the optimum of the tools achieved by trial and
error, but to chéck how the new technique handles problems

already solved by the other method. It appeared that the

two techniques d4id not yield the same optima, although the

differences are tolerable, from a practical point of view. The
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computer technique developed here, is, no doubt, more reliable
and much faster. If combined with the statistical analysis of
the cutting forces, it will yield the optimum of a tool with
any number and geometry of cutting edges feasible in the

practice of deep~hole machining.

3.4 TESTING OF THE TOOLS

A tool manufacturing company manufactured the two tools,

shown in Fig. 3.5 and Fig. 3.6. The solid boring head wés tested

under the following conditions:

Application: Rotating workpiece

. Workpiece Material: AISI 4140, 28/30 Rc.

Spindle Speed: 450 rpm
Surface Cutting
Speed: 121 m/min (398 fpm)
Feed per Revolu=-
~ tion: 0.339 mm/rev (0.0133 ipr)
FPeed Rate: 152 mm/min (6 ipm)

Coolant Flow Rate: (105 gpm, U.S.)

Coolant Pressure: 0.86 MPa (125 psi)

The trepanning head was tested with two workpiece

materials, under the following cutting conditions:
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Test No. 1

Application: Rotating tool

Workpiece Material: Heppenstall Grade H550-Die Steel 1.125

Boring Bar Speed: 100 rpm

Surface Cutting

Speed: 94 m/min (308 fpm)

Feed per Revolu-

tion: 0.178 mm/rev (0.007 ipr)
Feed Rate: 17.8 mm/min (0.7 ipm)

Coolant Flow Rate: (350 gpm,U.S.)

Coolant Pressure: 0.48-0.69 MPa (70-100 psi)

Tool Headstock

Power: 43.5-49.5 KW (58.3-66.3 HP)

Feed Force: 14.7-27.1 kN (3,300-6,100 1lbs)
Test No. 2

Application: Rotating tool

Workpiece Material: INCONEL 600

Boring Bar Speed: 60 rpm

surface Cutting

Speed: 56.3 m/min (185 fpm)

Feed per Revolu- 0.147-0.168 mm/rev

tion: (0.0058~0.0066 ipr)

Feed Rate: 8.8-10.1 mm/min (0.35-0.41 ipm)

Coolant Flow Rate: (280 gpm, U.S.)

Coolant Pressure: 0.96-1.1 MPa (140-160 psi)

Tool Headstock 22.8-25.2 (30.5-33.8)
Power:

Feed Force: 9.78~17.78 kN (2,200-4,000 1bs)
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The tests revealed that the staggered tools, if optlmlz-
ed, work well and can deliver slightly hlgher feed rates than

single-edge tools. The cutting operatiom is ‘stable with no

-

runouts. Also, no significant differencetin hole accuracy

° ]

and surfaceé finish was found as compared to a single-edge cutt-

L [} '

ing. . ' o . N

' ' \' \ . " (. ’
In addltlon, the tests with the trepanning head, durlng

\

~wh1ch the total power consumptlon and feed force were recorded,

revealed that the cuttlng torque,and feed force computered from
the mathematical model developed in Chapter II,-are in good.

. ' ' IR
agreement with the recorded values. Table 3.2 contains o

‘

these values, as predicted and as recorded during the tests.

The torque and feed force as calculated by the gomputer

and shown in Table 3.2, were corrected for differences in the .
: s ) : .

effective cutting depth and shear strength of the-wbrkbiece
material. The values of the feed force are in good agreement,,

the recorded values being higher because they include

the effect of friction. The cutting torque and power are

t

R W4

i}

‘in agreement with‘a reported value of 65.2 per cent of the

total power found in a single-edge cutting [60] but only
for the first workpleﬁe material. The difference recorded
for the second workpiece indicates that the exponent Y, = 0.8

established for steel does not hold .well for a non-ferrous

alloy suych as INCONEL 600. As expected, a rellable force predlc-

.tion is possible only 1f an accurate value of the ' .

exponent Y is available for the workpiece material.
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. TABLE 3 1 MAIN PARAMETERS OF THE TOCLS SHOWN IN

-FIGS.

3.5 AND 3.6~

LN

s

80

TREPANN-

hY

réference [69])

@

18.81%*

, SOLID
. TOOL BORING- ING

" Number of cutters .2 ' ‘2,
‘Location of 1—— cutter [deg] 0.0 "0.0
Location of/2—g cutter [deg] 1.19.5l 120.0
Workpiece material SAE 9255 SAE 9255/
Feed rate [mmyrev] ' '0.33 -0.17
Supporting reaction Rg [kN]l‘ 6.5 7 (I
Direction of R, [deg] . 41.9 } 64.7 .
Resultant cutting torque [kNcm] \65.61 252.80
Resultant feed force [kN] 23.08 16.80
Deviaticn of Rg in magnitude[kN] 1.143 1.048
(based on reference [69]) 1.45%* 1.315*%
Deviation of Rg in dlrectlon'[deg] 14.63 . 5183
(based on. 7.52%

* Deviations based on the assumption that the variations
of cuttxng force components are * 10'per cent for both
radial and tangentlal component.
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: CHAPTER IV . )
v N "  OPTIMIZATION AND DESIGN PP‘{OCEDURE OF .
» - UNSYMMETRI CAL MULTI~-EDGE CUTTING TOOLS
, ) , ,
3 - ” ’

.
: _
z : , . 0

e 3 ' @

T

Y

.The jbasic, concepE of unsMeﬁrical multi~edge tools has

* -

already been\formulated in Chapter I. The essential differ-
\ »

§,
?;;
,r
:

_enc between the staggered ﬁoolé and th:'é()m‘ult‘;i-edge tools
is that‘ the total width of the c‘utting edges': of the latt‘:.ex;,
covyers r‘nore than the tool radius. All cutting edges are
identiqally' ground in the front 'profile and each cutter

cuts a chip of the cross-section propori:ional to the

e . angular spacing from the ‘preceding.cuti‘:e,ar. he larger this
B - ta . ! .’X‘\\ . )
9 \ spacing, tﬁiglthicker the chip, and th\e larger putting
AL N — -
force. components are .exérted onto the cutting edge.

Moreover, when cutting edges of different widths are used the

AT ARTE O A LT e s

oo

ef fective cutting depths per cutEing edge will be uneven and a

A

function of ‘the“widths of the preceding cutters. Therefore, it

o

—

{4
d
4
L
i
£

. becomés obvious that for such a tool' of vary'ihg cutting widths,
. . - . - ~

a relation between the cutting widths_an;i the angular location

! a ; of the cutters at one end and the cutting force components

X on the other end is required. Because .of its complexity, this ’

relationship deserves careful consideration.

A

4.1 CUTTING FORCE COMPONENTS IN MIjLTI-EDGE TOOLS '

‘ Figure+«4.1l shows a force diagram of a tool with n

cutting edges. fl, fz,...,i-:n are the cutting forces,el,ez,.’..,en‘

-
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are  the corresponding phase.aggieé of cutting edges 1,2,%..,n.

T is the drive torque and ﬁs is tHe supporting pad reaction.

Summing all forces and moments to'zegg will result in equa-

tiords identical to (3.1) to (3.10) devéloped ‘for Staggered tools:

1

However,mere will be a difference in the cuttlng force cerponents

“F_. and F,_,. Whlle these components in the staggered too

Ri T1
are constant in magnltude and can change only in thelr

direction, .in multl-edge tpols, they vary w1th both

tbe cutting w1dth and the angular location. 1In a@dltion,

the phase angles 6 ar;.g functidn of the cutting Yidth.' So,.
equations (3.9) and (3.10) are sti}l éhg goverpiné equations
definiﬁg the améunt of force transmitted to the bore @all ﬁs

and the direction of this force, A. These equations become ;-

e n ‘ . 2
Rl = (L £ (F - Fp,sin ¢.)]
. i=1
n i .
+ [iEI{FRls1n ¢ + FT cos ¢ )]} ] > - (4.1)
.‘\ .
n
Z (F..sin ¢ + F, .cos ¢ ) : ‘-
A = tan~t |4l B b (4.2)
. n . .
. & (F_.cos ¢. F,..Sin ¢ )
. Ri Ti
i=1 | .
2
. ' N - .

Since it is not feasible to locate more than 6ne cutter
L ]

* )

in the zone of inner cutting edges, the question arises whethax

it is profitable to use the mﬁlti-edge solid'boring tool,

¥

L

il

EES I
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! . because it is going to act, anyway, as .a single-edge tool in. :

y . 1

. . < N\ . -
- that particular zone. The answer is affirmative because the

-

, . . . \ ) )
. o outer and middle .zoneg are’exposed to much hzsyer’témperatures;

during thé cutting operation than' the inner zone. ‘'Since, tool

. . life is inversely proportional to téméerature;'adding cutters

T Ty R WE T

o

- in these zones would result in extended tool life ahd/or

- Y 14

inqrgasedvgéeg fate._ RgGent experiments conducted with single-

Nl 12 I

édée cutting tools revealed'that tehpera;ures measu;ed 1.25 mm

.
)

'behind the cutting edge and 40'deg.,froﬂ the’rake face at

. {
B

the centre of rotation at the tool point, and at .the circle
g -land; are in the proportion of 1:2.5: 4.5 [60,69]. The explana-

. tion for this is a linear increase in the cutiing speed, from
} .

$ \ ;
the center of rotation towards the hole surface.. The inner

.

, : zone has a much lower cutting speed and hence, temperature. .- i
gy b
i

Pfeséure welds occur at the placeé\of contact, bgtween
- K the Qorkéiece material and tool materi;l, but mechanical
‘,\f wear ié relatively‘limiteé, due’to'low ﬁemperatufe. A steady
bgilt-ﬁp edge, formed on the rake face of'fhe C};ti%§ edge,

. .'  is of such bardness that it furetions as a cutting edge
. n . N
and prevents wear ofqﬁ?e,rake fagce. At the middle zone the
. - N 0
cutting speeié are higher, the .temperatures are higher with

‘increased mechanical wear due to pressure, gnd heat welds
occur‘aﬁ a result. The thermal and mechanical stresses
y - . ) . . . . 4 ] - [
oh the built-up edge reach a level sufficient enough * ' '

N
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to break it, These loosened, very hard particles are ‘forced
N 7 .
at high pressure between the chip and rake face, :as well as
[N

between the workpiéce afhd the tdol flagk cauSLng heavy

mechanlcal wear. ’whlgher cutting speeds, the temperature

is hlgher and the strength of they%fessure ‘'welds is lower.
Th.'LS prevent; the formatlon of (u[,excess:we buJ.lt-up edge

‘at the outer zone. [—46] The described wear mechanism
lndlcaf:'es that the mlddle zone of a Zee%ole cuttxng edge is
equally crltlcaI -as the outer ;one with regard to ool life.

This suggests a multl—edge solrd bor;.ng tool which has multi-

,4

edges extended ovér the outer and mlddle zone and s1ngle-

c' \ A 2 " . -

edges in the lnner zone. ’ ‘ '

- The fact that the eolid~boring multﬁedge‘3 tool will -
be ’actin.g as a"giﬁgle-edge tool fn the middle zdne is a serious .
1imitation. ‘A great chaﬁge for “partially ‘ove‘r-coming this
ln.mltatlon is sought in the poss:.blln.ty of using a wuch" less

negat:.ve rake angle at this zone ‘than the (-30 deg pre tly

used, and. also in the appl:.catn.on of tougher grades f' carbide
~ for .th:.s portion of the cutter. o
N oo “ SN & R

Evidently, for this type of multi-edge'tbol a nmathe-

RS " md(::.&l model is needed to ana,lyze the cuttlng force compon-
3 w
‘ents as functions of- w&.\dth of cut measured:from-the outer - , o8

ol 0+

" tool point. 1In addition, an evaluation of the cutting

v

force components over any width of cut located between

4 M ‘

¥
the Outer ‘tool point and the centas'of rotation shoéuld be = °
”* “ s 7 ) ﬂ) ,
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“possible.

rEpresentatlon of tH\se. The simplification does not affect

s g 5= - -

-

K}

. . Such a medei sﬁoufg be applicable to-any arbitrary'tool\\
with n cutting edges for any possible seqﬁence of cutting';\“_
widths which mlght occur during the optlmlzatlon procedure.
An arbitrary téof'&eSLgn with sequentlaL edge genetratlons
is illustrated 1n Flg 4.2. It shows on the rlght side, the -
actual chip cqoss—sectlons, and on the left side, a simplified
the chip cross—sectlona} area since :sb = s b', but it contalns.
an error in tﬂe forcé computatlon,.due to differences in the

3

chlp slenderness. The error can be assessed from the factor

by which the computed forces are less than the actual onds:

4

~(
n = (coszi)x-y - (4.3)
g 0.0.35 &
. The least values of the factor are n = (cos 187) ° =
0.983 for the radial ;omponents and n = (cos 20 )°' = 0.988 for

the tangential components. As it can be seen, the radial

forces are-raffected by 1.7 pex ggnt and the tangential forces

s e e b ¥ o e
TR T TR en T e

by 1.2 per cent. Since «¢he tangentiel components constitute

most of the resultahtwforce, it can be safely c}aimed that the . f
resultant force is affected by less than 1.5 per cent. The - LA
effect of .this error on the tool optimum lS, insigfii- , ‘
flcant because it is more or less equal for all cutters. For

that reason, and for the sake of simplicity, lt is ignored..

V4
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\ . _i‘Ti Cp,Rj * Cp, (B3P )8 + op [by = (p #p )18 (4.4) - Q’
' bad ' - . . ) .
FR.'L = 'CR bi - cR- (bi‘Pl)51:‘ cR [bi - (P1+P’z) ]5'2~ (4.5)
1 2 3 . S .
o k™Y .
F%l = cFlbi + ch(bi-pl)Gl- chFbi - (p1+92)]62 (4.6).
where i = 1,2,...,n. Because the citters fofm a continuous
and closed .cycle the subécripts are replaéed°as foliows:;
_If i=0 then - 1 = n
N ‘ )
Sif i=n+1 then i = -
L‘é)
’ . ' .‘.aq':“ a & *
' § and § -are operators defined as fdllows: !
1 2 ) - £
X
. _ l lf . - bi - p\lc > o ) . ‘
61 = ' v ‘ . (4.7)
0 \ if bi - pl i 0 i e
Y \ . - %
N IS Tif b, - (p+p ) >0 - . o
62 = o rpd 12 . . (4.8)
i . - + <
0 if b, - (p1 pz) <9
o, L ' '

ot

\ - - \
If the effective depth of cut s is taken as a unit ,  °

depth, then &quatians (2.27), and (2.29) and (2.31) can be

-, converted into continuous  functions of width of outs b;
- »
.)mé;suréd from the outer.tool point, as the. origin:

A graphical presentation of equations (4.4),(4;5) and (4.6)

is given in Fig. 4.3. The cog£fi§ienﬁsirepresenting_the slopes
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in the diagram are "ocbtained by comparison of these equations
N N N

and equations (2.27),(2.29) ,and (2.3]), respectively. They

are as follows:

A 2 o
CT} = cKp' cTi- 0, cT3‘= (;pfl)FKP (4.9)
Cr, = Cgq SiB K i Cg,= ch(SLnK1 - S}nkz) . .
i (4.10)
Cr; = ch(SLnKZ-Cqslnfs)
LS i -
N\
Cp, = chcosnlf\ cF2“= ch(cgsn2 - cosnl) ‘
‘ ) (4.11)
Cp, = c¥q~(c05K2 - chosgs)‘

?he relations as p%esented in Fig.’4.3, resulted ﬁrom\é
combination of thé theoretical approach, based on the cutting
mgchanics and the empirical approqch, based on tests in the
Eurnipg-and drilliqg operations. No experimental work ba&

N . .
been done to judge how good they are until receptly, when this

work was already in an,édvanced stage. Recent reports [62,69]

reveal that the cutting force components'recgrdeg aﬁfiﬁg deep-
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be very close. Such a diagram for the raaiel force cgmponenﬁ '

is shown in Fig. 4.4.

The other two force camponents -~ the

tangential and the feed component appear to agree even better.

The total cutting force components, as‘well-?s the

1Y
B
A st L T sl

s

cutting torque can be determined if the incrementé of the
3

=)

cuttlng forces per unit depth are multiplied by the correspond-

R

ing effectlve depths to the exponent Y for every zone and‘: °

summed for each cutting edge. Such calculation is possible o
bl ~ * i:;

. “because the exponent of the cutting width is unity. Although §

¢ e ’2"'

it seems impossible to express exactly these_ operations g
analytically,the general equations are written under the l ’ P

A . . : . ;

. conditions that the subscript m and the increments of the h

\ cutting forces'per unit depth AF, AFﬁ and AF% are deter- . ﬂ;
. ' ' 4

- mined for each cutting edge: <t : o

3

A&

i

S

L
B3

ST e
TSR E

i




} - y : . , s o . U=
if;ix ' -~ B .
/iz‘ * 4 ) . 94l
?’ L} »
v Lt - - Py
;e ) ' . : ;o
_:5 * ) . o ) ) 4 .
\_ . k\='-i'i+l'...,m; 2' = 1,2".0'3‘
. ’ i =’f12,...,n; with subscripts replacements’
B . : . . ‘ v .
& ‘ a ' '
¥ 4 i=0 “thdw i L S
& : i=  i='n, . ’ : N .
L : if i =n#¥l then i =1 B N . ‘
% ‘ . w ) M " ! ’ ’ ' -~ \
,‘1 ' , | , , ‘ .
1 'ka is the Krons#Ker delta defined: o
2 T SN RN : ) . :
’ : | f1 k=g S
& . ' le = v ‘k’r’
. f \ ) 0 ;:k # 2, Xy .
. - oyt i T . L
: . 3 For the purpose-of calculating the cutting -force ’
j ’componenﬁs and the cutting torque, an appropriate .
i' _ computer program has been used. In,drder to handle all
: possible sequences of the cutting eddeés, the program is .
é’ written in general, subscripted form. A detailed £low-chart
Q ‘ is given in Fig. 4.5. The logic is intended primarily for -
g solid boring tdols, but it is’ equally appliqﬁble to trepanning
j tools. \ ‘ ‘ :
SR | S |
;J . The model-shown in Fig. 4.5, has been tested with -~
i‘ o nuriérous tools having various numbers pf cutters located in .
; indreasing,‘decreasing\or mixed sequences. . It has proven ,
; applicable to any number of cutters. For example, for the
4 . o

o

. tool shown in Fig. 4.2, the .cutting force compohents and the

. torque of cutter No. 1, can readily be.written‘down by -

-~

inspection:

. . :
. \ ) ' \\A/
. <
- N 2
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51=0,62=0
Evaluate
{ K -
Fp(I) (FR(I) ,FA(T)

Evaluate
Fg (1), FR(I) ,Fp(I)

6‘=l,62=1
Evaluate
F,i. (1) 'Ffz(I) .F};.(I)

J2=I, B2=B(I)
F(I)f0.0,T(I)=0.0

N

© FIG: 4.5 DETAIL FLOW CHART OF EVALUATION OF
CUTTING FORCES AND TORQUE IN MULTI~ .
'EDGE TOOL , - .

M




BJ:1‘=J2,B1=0.0 . .
ss=0,0; XN=0.0 \.—— : '. ! ' . /

3

S 18 (K) + 8|
XN =491.0 .

- -
-

[ A l N
C LA ’
FIG. 4.5 DETAIL FLOW CHART OF EVALUATION OF "
) CUTTING FORCES AND TORQUE IN MULTI-
* EDGE TOOL  (continued)




Ji1=K
B;=B (K) -

R , !

I\ <o | FplI)+Fq (1) +(F, (Jz)-F'(Jl)XN][S(I)'*'S ] |
S ’(:)«F (I)+[F'(Jz)"F L (@)X IS (D +s_17 AR
oo F (I)+F (I)+[F'(Jz)-F (Jl)xN][S(I)+S ]
' T(JI)+T(I)+{[F'(JZ)~F (Jl)xNJES(IHs ik
| ,*{[B(Jz)-B(J1)XN]/2+[D/2-B(J2)]}
|

S FIG. 4.5 DETAIL FLOW CHART OF EVALUATION OF
. . CUTTING FORCES AND TORQUE IN MULTI-
. \ ‘, EDGE TOOL * (corxtinued)’_
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N, Yl'n
’ = (Y | +g51+su+ , LI
Fal (?Tl gT“)(s fsatss Su ss)” 0+ (FTE Fp, b

~

' : ‘Ylv' j . ;"y‘l * Ny
L * +sq.+ LS o S+ F! s 4. :
‘ (s: SzASs) (FTy‘ Tz)( 1 %z) + T,%, o(/ 15) -,
B ' “'s ’ ' i > /
@ » 2N . N .
~ . Yz .
= 1 ! ; s 1
“ Fpy = (Fh,"Fa,) (S1+sd+sstsiess)'? an(Fp ﬁ%,{\\ N
. ‘ " c \\\ &
P Yz p :':a YZ p 1 Yz o
* + (P} -F! + + s .
(s1+s2 Ss)‘ + (FRa‘FRZ)(SﬂESz) FR2 Yk‘(4 16)
N N :
/° V. ' N - Ci ) “ . . . -
Yz b:‘:
= L o . 1 Pt
FFI (FFJ,’f"FF:..) (S}+52+S3+Sg+ss) + (FF.’ FFS)

i

\ oo " ‘:
*(s1+s2+89) 2 4 (FY

g )(S1+Sz)Yz + F! sYz'(4.i7)
FZ « F21

»

) . R 4 ‘ D . .
‘ Ty = (Fér-géu)(Sx+Sz+Sa+Su+Ss) 1£§(b1-bu) + (2 -b;) ]
\ R . + N 1Y D «\
. x *'KF%ufFéa)(SL+Sz+Ss) lfiikn‘ba? + (7 - by)]

o+ (Fp -Fp ) (s1+s2) V1R (ba-ba) #' (3 = b) ] '
‘ ' 3 . N

ts - . L Yl ._ . . o B - -
+ Pp s '3(D-by) . . (4.18)

'(f=‘ Equations (4.15) to (4.18) are given for one cutting
edge only and are intended to illustrate the expansion '
of the general equatioﬁs.v They'show how lengthy 'these

I

equations would be if written in an expanded explicit form.
S’ ’ '

Yet, these equatiohé are for only one tool'éonfiguration and ’

hence, ins;fficient for‘topl'optimizationc%ith varying cutt- *.
ing widths. Although gquite complex, thé model is also suit- .
-aBle for a very simple tool,las for example, a trepannind

tool,.since'most of the légic would be bypassed.*
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The effective depth of cut for the iEE'cutﬁing edge
S - , ' .
will be approximately equal &a the edge penetration” which -is

proportional to. the angular spacing from the preceding

»

. cu;ting\éf?e, as illustrated in Fig. 4.6:

-

I T '
A \:Etlgﬁ-—- 1= 12,0 (4.19) AN

Fig. 4.6 also reveals the possibility of grounding (or

. settinq? the cuttin% edges’ at different levels, in order to.‘\\

achieve even cutting edge .penetrations. This is feasible for
‘. s z . -
small numbers of cutters only, for exanple, in trepanning

i

tools Where standard identigal inserts can be.levelled in

. R .
such a way that the heighty difference between any two adjacent
cutting edges can kg calculated\fidm;@”, - \

v )

T -

.~

) P 7.
(hipy - hy) = & - Pir 1yf; M = 1,2 n

{hi41 . T :\{~ rlgecey (4.20)

"7 In eguations (4.19) and (4.20) £ denotes th? feed per

B .

revolution, and the interchangeability of scfipts differing
A Y - 0 \ R

by n integers is valid. - ’

o ~

~

‘
4.2 °UNBALANCED FORCES
i ) .

The aﬁalysis based pn the cutting force resultant
4

applies only in the case when the tool i§’gtationary and the

-~

workpieck rbtates. 1In préctice, héweve;, cases where the

3

- ' . M, o .
tool rotates and the workplecekkf either stationary. or rotates .
S B l




2

4

in the counger-direction are encounﬁeréd,m?re frequehtly. There-
fore, the effect of the'£ooi imbalance must be‘investigated.
_Because of tHE geometrical configuration of the boring ﬂead,

'ig is obvious that the center of gravity of the tool does

not coincide with the axis of rotation. In single-edge ‘tools,

- the ineftia force due to tool imbalance affects the final

force resultant transmitted to the bore-wall in both the
magnitude\aﬁd the direction. The direction of the inertia
forCe'is thought to fall .between the two &ear pads, because

the center of gravity i% located on that side of the head. The
magnitudé of this force, however, is thoﬁght to be ihsi%nifi; ’
cant compared to the cutting force. Since these tools perform

well and exhibit good stability, no attention has been paid to

this effect in single~edge deep-hole .machining.

éince a complete aﬁalysis of the tool. imbalance has not
beeﬁ conduc?ed yétti; brief analjsis is undertaken -
here, with the intention of-mathematic‘:{:ll modelling of the%in-
balanced forces,gimilar to that of thg cutti;g forces. In
addition, -the analytic description of geometric parameters'of
a boring head is i;tendea for the optimization of multi-edge
‘tool design as will be shown in this chapter.

. e _ ,

An opt¥num f£it to a variety of shapes of the chipmouth

used by tool manufactaters was found to be tﬁat sho&h by lined

regions in Fig. 4.7. It is simple to manufacture and can be

described by the simple equation

4




: ) . ‘_\2 ¢‘F’ . ' :

’ - T r; + (r+ri-£bi)2 = (r-ri)2 : i=1,2,...,n (4.21)
L " - O L
. Equation (4 21) is derlved fqpm the condltlon that the

~

chlpmouth circle touches the cuttlng edge (p01nt M), normal to -

o

FETIRTN

sthe ‘cutting e@ge at Eb;'(p01nt N) and the contour circle of

% i ' the head (point P), Fig. 4.7. } ,
iégﬁv . The solution to (4.21) is ..
g ) -
; = gb; - 4 +4d2 - gdb; ; "i=1,2,...,n (4.22)
5
g‘ where d is the diameter of the head. \
[ 4 . “
,?: ‘ . N s :
§. The factor & defines the location of the chipmouth
¥ .
gﬁ circle with respect to the cutting edge. For the best £fif of

the chipmouth shape, its value should be between l.1 and 1.2.

~ The location of‘the center of the chipmouth circle is
- : . !

given by

& b 3(‘-—*
R -l ’ 'ri . “ s
Iyi =T -I;i Y= sin ~(;——); i=1,2,..., n (4,23)
! 4 ‘ ci
. T \
The chipthroat diameter follows from Fig. 4.7.

—

deg =2 cos » i=1,2,...m (4.24)

ey =Sr. - % sing ; i=1,2,...,n (4,25)

-
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F1G. 4.7 ‘INERTIA FORCES DUE TO IMBALANCE IN
UNSYMMETRIC MULTI-EDGE BORING HEAD
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8 ) q . ' o t ‘
: . " i ~ - C ) y . 7
" ) Using the parameters defined by equation 1(4.23),(4.24)
- and (4.25) the inertia force due to the imbalance of each
cutting edge can be determined. . - v '
. | L mar L
. . . * _ . ‘tl 2 P .’
| By m g e I?pg i=1.2..00m (4.26)
where |
. p = the mass density\\' _ R .

° -
. ©

E
[}

. the QQE:lar-veloéity g AR
" n i.'l a correction factor which takes care of the -  + ..

. ingompleteness of the throats’ due td their : .

[y ’

kd

] . A . intersections-

‘ The inertia forces (4.26) are for, the masses that have

]

been removed from the head and they point radially %n&ards.

H

\
3 - . ! . Ed
Y 4',.-’»‘::\"',{-"&"\1-’*/'“7 o L O

These forces are due to the removed cylindrical portions of
. P

. ° . o
:phe chipthroats (cross-lined regions in Fig. 4.7) and the. ) Aot
. _ - : . - . 4
rest of the volume (lined regions in Fig. 4.7) is neglected. Tk

These portions, however, campensate for'tﬁg‘imbalance caused ; ?

by the difference in maés densities of carbide and steel at Aﬁl
the cutter zone. X = e : i S0 B

‘ N “ " .
. . i . R f" . i ,313 !

‘ The correction factor n, may also take care of the %

-y ‘ \ . h . 3*

fact that dﬁring thevcutting operation, the chipthroats are §

. - ) . . ?

filled out with coolant and chips. This aspect can be ‘g ) i

sepdrately invegtigated if it proves necessary. ‘ ' gj

. o
L3 . ‘ R o

' LI . P
“h
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Having determined the inertia foxrces, the supporting 3

~ reaction of the wear pads is ; ' \ ﬁ

a' \I - ‘ v . , / i ¢ :

. n o ' ] ?
R =~ [ (F+8,) i'=1,2,...,n . (4.27) ;

S - i=1 P2 o a 3

¥ ¢ . . R ' ' ¢ v
g o If (4.27) is expanded it yields
ok > > -+ ' '
; - IRgl = AL I |F;| cos(e;+9;) + |P,| cos(y;+¢;)1% +
3"‘ ot i=l R .
P .
: : L B s 0.4+0:) + |B i +6.) 11 '
i . + ,Eizl | i\I sin(8,+¢;) + [Py sin(y;+¢:) 113 (4.28)
% '
: , . o ' . ,
;, with the line qE action defined by the angle ",
7, - " ' f '
; : *
i .
oo n > , . . i
5 I |F.] sin(8,+¢,) 4 [P.| sin(y,+¢,)
SN . -1 i=1 i i vi i i 7i
L770 T . . A = tan = _— (4.29)
| P ' A o5 |F,] co§(9.+¢.) + |B.| .cos(y,+4,)
g SRR . i 1Ty il 1Ty A
g. ) l_l .' -
This analysis shows that the inertia forces due to the
o . . . .
S ‘mass imbalance of the head can be expressed in terms of the tool
8 , - - d
- . ' parameters ¢i and bi only, for a given number of dutters n.
. . .- The previous analysis ﬁés proven that the cufting forces are a i.
e B {unqt;on of these parameters, also. So, equations (4,28) and
P Shi ’

% K o (4329) cah.be used for the optiﬁi;ation in defining

N © the objective function. Before this can be undertaken , we

e . . h *
s - want to assess how much the inertia terms contribute to thd
& . . . R w® o -. ’ ;9 . ’
: . . . overall force resultant. AU .
I L~ \ - ‘ CL S
. - R ' ) ’ \
~ - o R . .’ , e
T, P + : -‘
» '

I kT A O R e e b
.
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N ! \

.. o . This can be achieved if a commonly used single-edge
- solid boring tool coqsisting“of a, cutting edge of b; = d/2,
B.= d/2,8 = 15 deg. and.% = 0.6d is ana;ysed. fhe,main gecmetric
parameterﬁ can be readily c?lculéted from equations Sgczzi

to (4.25) to obtain:

\ ' ‘

! ’ A 7

. r1 = 0.22X4; dt1 = 0.4274; rcu = 0.2794;

i ‘ - ¥ . )

. = 52.38%(52°23"); e = 0.201d; = 1.0

e 8 If these p;ramepers are substituted into equatioﬁ (4.26)

. and the mass density for steel p = 7.86 x 10° kg/m? is used

the inertia force is

L4

- P = 1.488 x 1071%@%n? = 1.508 x 10 ’d%v? [N] (4.30)

(
Yy g
o

-

*where d “is the diameter of the head in mm, n. is rpm and

v is the cutting speed in, m/min.

7 o

If a cutting‘speed=af v = 100 m/min commonly used for
. steel, is selected and the tool diameter is é‘='50 mm, then

>

P =/3.77 N(0.85 1bf)’

\-\

- A

This exdmple demonstratag that the imbalance forags in.

practice'are of three orders of magnitude, less than the .

cutting fofges;and therefore, can safely be'iénored in further .,

B i

- AN




; k - . 107

—_ T . ’ o

~
W ’

aﬁalysis of the forces exerted on multi-edge tools.

4.3 OPTIMUM CUTTING FORCE RESULTANT _ | Lo

)

- N

e ’ It has already been stated in the scope of this work in

Chapter I, that the cutting force resultant should be chosen
) , ‘ »
in such a way that, on the one hand, enough pressure is
2 B

exerted onto the machihed hole-wall t®& prevent run-out of the

tool ;- #n the other hand, this pressure should be limited to a

. 3 . . . ' Y H . ?
valué that permits a hydrodynamic lubricating action between
St

the supporting pads and the bore-wall. The following analysis"
is undertaken with the intention of determining the lower |

limit of the resultant cutting force; this force should exert
- N *
enough pressure onto the machined hole-wall to ensure the

Y

tool guidance. ‘ «

4.3.1 Variations of Cutting Force .
Resultant - \ . - ‘ .

AN ! .o
No .doubt, the value of the predetermined cutting force

[
LA T e T e
Tat,

anp = e
-

Sy

resultant depends on how much variation in ﬁts—magnitude can

- ,

e

et o O
S et ARER

“ybe ekpectqd, due to the fluctuations of the cutting force

/7

-, \¢ components. This value should assure that a minimum‘posifive
pressure between the wear pads and the hole-wall is maintained
at all times. Moreovef;the directional variatibn of the result-
ant force shoulé also be maiqtained at all times within

certain angular limits, in order to ensure that it points .

between the two wear pads. This is very important for tool




<

e

stability and accuracy of the hole size.

LT : To be able to determine any variations of the cutt-
ing force ;esultaqt, it is ngcesséry to know both the magni-
tude and the nature of thglfluctuations of the cutting force
qsmpé%ents. Some results on the variation of cutting force

cpmponenfs have been_;gpartedf They were recorded during
— \

 the experiméﬁfgi measurement of the cutéing force compon-

N

; 1
/ - ‘
inﬁicate that * 10 per cent variation in the magnitude of both

the cutting forces in these operations are random and Gaussian

/

ents. The most reliable data seems to be given in [1],

* which reveals that iﬁfluctuatibn of the tangential . component

is + 8 percent,'i/Zl.S per cent for the radial component and
t 2 for the feed component. The boring tprque has been

rgported to vary by + 14%. Data recently reported - [69]

tangential and radial force components is also possible. No
information, whatsoever, hds been reported on the nature of

-

the cutting force variations in deep-hole machining.

It has been recognized that cutting forces' are not
steady~state variables but dynamic in nature, with a high
degree of randomness. Results. in similar metal cutting

s sm—

e .
operations such as Eurnipgxand drilling, have proven that

distributed, particularly in the finishing operations [28,°

29,30,31]. Since deep-hole machining is a cutting operation

very similar to turning and d}illing with low feeds, it seems

Ly
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. “ ’ . . . '
appropriate . to assume that the cutting force components in this

operation are also random and Gaussian c‘l‘istributed; Under
such. an assumption, the problem is tackled analytically in

Appendiit_ I1I, and the exact formulae for the ‘variation of

Wt

the cutting force resultant in both magnitude and ‘directicn

are derived. ' . . . .
\ L

A calculation of the deviation in magnitude is performﬁ‘
ed in .iterative steps convenient for computer application

The deviation represents the difference betwec;n the actual’

.

magnitude and desired mean magnitude of the resultant force

LN
i/

vector

(4.31)

and it is eaiculated fram (A3.12)

'

- (AR )% + (AR )2 - (AR)? )
F—— X ‘ (4.32)
X ! : A

AR = AR_ +
X
Also, the deviation ir; direction is given by (A3.14) ..

(4.33)

o

Equation (4.32) is used for the caloculation of the devia-

tion in the magnitude of the cutting force resultant. Con-

' vergence is achieved rapidly after only a few iterations, to

t})ree/decin'\al points. Even higher accuracy of up to six

decimal points requires about ten iterations. AR reflects

o




YOI A, -
¢
.

\
N
‘ B

n \

very much the cutting force polygon orientation. The same
holds”for AX. The examples given in Fig. 3.5 and Fig. 3.6
best illustrate the treﬂagt\‘W@ile the tool shown in Fig. 3.5
has a large deviation AR because of the relatively low value

of 'R, the tool shown in Fig. 3.6 has AR small, because of

N

" the relatively higher value of R. Both tools, howevei,\have

v;lues of R of 6.5 and.7.0 kNs Even more drastic differences

in AX are eyident from the figures because of the different

q;ientation of the cutting force pol&gon (here triangle). So,

in general, tools with a cutting force ﬁalygon oriented in

‘the directian of R will have a large deviation AR and a

small deviation AX and tools with the cutting force polygon

oriented perpendicular to R will have a large~deviatioq AX

and a small deviation AR. Evidently, the latter would prove less

desirable in practice since a large deviation in the direction

of the resultant may cause .uheven load;of the wear pads and

endanger proper tool guidance and stability. )

" i
-~ o’ -

Equation (4.32) is analytical proof of the instability
in multi;edge toﬁls with a symmetric location of the cuttiﬁg
edges. Although Rx is theoretically zero, it is never .
virtually zero; it is small, but indeterminate in value. Sigce
AR, and ARy are changing at random‘in both magnitude and in
sggn, it is'very likely that tan (A)X) assumes values ranging’
between o anqy+ ©. This means that 4\ may vary from -7/2

to +7/2, i.e., it may assume the completely reverse -sense.
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\ . - - This indeterminate character of the cutting forte resultant

in both magnitude and direction is the main reason of in- 7

. stability of the tools with a ’syrmnetlric.location of cutting
N , edges. i

¥ .

-
.
A et T e S s A Rt 2 LI

The above also indicates wlat the analytical condition

oAt

is that the minimal cutting force resultant must satisfy, -in

y order to assure tool guidance and stability is that it must be...

S, N T

=

greater than its deviation AR to overcome the boring bar

encasf.'::é effect ard. prevent separation of the wear -pads from the §
bore ‘wall.Moreover,the difference R - ARKI must be 1afge :‘;
enough to prevent the deviation in the direction AA to ! \
assume a value beyond the maximum value. This maximum value 2
is somewhat flexible in limit, depending on the angular spac- ”’
. ing of the wear pads. ) ' ‘ ' :

A

. 7!

. Y 4 w . i

N ' i
\

~ Two tools, a solid boring head with three cutting edges

‘and a trepanning head with two cutting eqiges were optimized

for various values of the force resultant R. The results are

. ' presented graphically in Fig. 4.8 and Fig. 4.9. The diagram ‘ -

in Fig. 4.8 shows how the relative deviation in magnitude of .

the force resultant AR/R increases by a deckease in the

resultant R. The diagram in Flg. 4.9 shows a s:.m:z.lar trend

for the dev1atlon in dlrectlon of the resultant AX. Whlle
the deviations for the trepannlng head are given 'for the

range of R, from 1.5 to 10 kN, the varlatlons for the solid ’ )

boring head are given only for a rangea from 5 to 10 kN. -

.
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, ) It appeared that the solid boring head could not be optimized

*

. for vg!aes of R less than 5 kN because the limits set

s

upon the w1dth of cut for - the tool did not permlt values

H \\

: of R beldyw 5 kN. 2

g‘,. . ’ “ / /.’ * A ’ ’

E - tx;I‘hef(x/nost important fgature of these two diag®ams is that
L ‘ S ~

'g _ they prégé>that the tool guidance would not be assured if the. >
b - \i L] N "

fbolf are optimized for\ﬁoo low 'values of R, because the -

\ ! o

C e e
>

?‘ deviaglogs in«its\magnitqﬁe and directien will rapidly in-
‘H' ¢ , crease appreaching theecriticél va;ues of 100 per cent and 3
{ : ‘&, 90 deg. Eespectively. bhe‘Hiagramszalso reveal that the ‘%
b - ‘resultant R'of the solid boring tool has a larger variation :

S i

ok ol

. . . N . T . »
in magnitude and less variation'in direction, as compared to

tﬁe trepanning tqol. This confirms what has already’been

v -

A

Py e et gl 2\ PO
.
Ag‘
. f

'3

-~ Stated eboug the effect of thé"&tting fofce|p lygon orien{e-; .

tion. The diagrams are based-on two slightly different data
¢ . " N o E

- © - : . . . . .
’ on the fluctuation of cutting force components. The variationsy

in ‘the- cytting fofce'componénts of * 8 percent in the tangent-

\ ’ v f ' o . .
¥/ ' . lal.and * 21§5 per cent in the radial d%rectlon are due to

[1], while variations * 10 in both the tangential and radial
components- are assumed. - No confidence ievel, however,

o 4 L .
- ' for these variations has been reported.

-

Fthoiadt

R < , It ¢an be concluded that no llmlt for either deviation

SIS can be reliably recommended but it seems reasonably safe

le AR/R 1sgkept below 25 percent and AX below 15 deg. h
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4.3.2 Hydrodynamic Lubrication of the .
Supporting Pads

. i )
N
.

AN

"o'

The high frictiong;¢forces,which develop between the
bore-wall gnd supporting pads can cause the tool‘to wear out
within a few seconds, if no coollng medium is introduced. To

reduce thé wear on thepsupportlng pads, special additives are

mixed with the coolant with the intention of producing a

v

N i .
. thin lubricating film which remains intact, and withstands

_high mechanical and ‘terhal loads. - In spite of the optlmal

lubricdting and coollﬁ§ conditions provided, wear of the

supporting pads }s still high, usually occurring on the first

third of the legnth of the pads. This wear, and thus the

chandgd geometry of the tool, often produces severg chatter

and vibrations, increasing the power consumption apd leading to

. 4]
excessive cutting forces. Often, the-frictional temperature rises

beyond the flash point of the coélant. This can be observed

from the carbon deposit on the supporting pads. .
\ B N -

The frictional forces can be reduced substantially, if
a‘full hydrodynamic lu catlng fllm is malntalbed at all

times. This, of course, re Jires _sRecial considerations for

the elact geometry of the supportlng pads. To maintain a R
Ay
stable hydrddynamic film, the following condition must be ¢

’ -
/

\ g BLN/R, > 125%x 10 s (4.34)
-
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Ve ,

= absolute viscosity of coolant in P

= Poise; 1P = (1/6.894757)10™" reyns

U
P

- |

b & width of the stpporting pad in mm
L

N

i. ength of the supporting pad in mm

cutting speed 1n rps XS

resultant force on each supporting pad ip N
N = Newton; 1 N = 0.225 1lbf ///Q

-

» .
Considering”a coolant such as Shell Garia T, with

. & X
u = 10§G'reyns (6.894 cP centipoises) used and a tool where the
of

lené the pad is taken equal to the diameter of the ‘boring

>

head the widthfff the pad approximately 25 per cent of its

\ ength,.- equation (4.34) can be reduced to’

\

- cutting speed in m/min

= tool diameter in mm
‘limiting hydrodynamic support force on the

pad in N S

. ; .

Figl. 4.10 s snthls limiting hydrodynamic support
force in elatlon to the tool geometry, for varlouskcuttlng
speeds. or example, a 40 mm tool cutting at a'spged of .

N

100 m/min as a limiting suppijp force Rs; = 3,000‘&3 at

, 7 o
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a -

-

at 150 m/min, RSl

Certainly, thesé values can be sligﬁ%ly increased wﬂénf

= 4,500 N and at 200 m/min Rg,. = 6,000 N.

considerihg the additional hydrostatic effect of the cdolant

pressure. ' . , :

~

/

Ev:.dently, the cutt:\.ng force‘*resultant J.S bounded by a
minimum value resultlng from the condltlon .of the tool Stabll-
lty and guldance ang a maxlmum value resultlﬁg from the hydrq:
dynamic supporting capacity of the wear pads. If an;'compro—
mise is necessary, it spoula be borne in mind that equation
(4.34) is on the conservative side an&'thft a safety factor of
five separates the stable thick film region, set %y the

equation and the limit of unstable thin film lubrication.
|

i

~

4.4 OPTIMIZATION OF MULTI-EDGE TOOLS

!

‘The analysis given in the previous two. sections enables
us to set limits for the cutting. force resultant as the objec-

tive -of the optimization similar to that of the staggered tools.
The line of action defined by A is a variable éependent _

on.independent variables ¢i and bi' To eliminate ) as in Rhe

aggered tools, the coordigate system at A is rotated

cownter-clockwise, and a new objective function is definzi.

which is identical to that in‘equation (3.14):- =

R . .

-

P
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2N _ - ‘ / . E .
. n o ‘ -
) ‘ o Y(¢ ,b ) = | I (Fpycos¢; = 'Fpisin ¢;) | - |R |
, ' Ri S,
i . , 1=l ' <t -
’ \‘ .
' 4 n, ’ . ' .
_ ‘ | + kwliil(F-Ris:Ln ¢; + Fpyco0s ¢4 | (4.36)
. where k, is a positive weighting factor.

P
. ' - I 4. . .
N . The objec%ive fpnction is a multlvarlable, unégnstrained,

e nonlinear function in ¢, fnd7bi which we wish to be ‘ !
a minimum or prefefabf; zero, undér the condition A = 0. .
Although eqhations (4. 3p) and §3.14) are identical,
there is a large difference in their evaluation. ﬁhile the
Lol cuttiné force components in' (3.14) are constant in magnitude
and are evaluated only once during the optimization procédﬁré,\
tﬁe cutting force componeg;é in (4.36) are'conuinuous functions
S of ¢, and b. and are évaluated in each optimization step. 1In
‘addltlon, it is desired that in multl-edge tools, the spec1f1c

.

'mechanlcal and thermal load of all cuttlng edges be as uni=-

£ A T et "

form as possible. If the spacing between soﬁé\ef\gge cutting
' ‘ edges becomes excessive, these edges will carry more load than
the remaining ones. fThis will then result in an_uneven wea;Q

1 C v  and tool life of the cutting edges. It is therefore desired

+ :that the spacing bf the cutting edges be controlled. This

‘can be achieved if the differences in the effective cutting
EN ’ »

depths4are kept to a'minimum Using equation (4. 19) a func-///}/_

tlonal relatlonshlp for these dlfferences ‘zan be deflned:/ -

\

P

-

\

i
A - N Bt ety e et e 2k T med ¥ e A e i CoF U Pt e 2 b PR oo




Rtk et A e - 4

!

1 : ’ . i AS; = Sin i
.4
and the objective fuhction , \ '

P ’ “ | \ »
n ) . ' ‘
Y =1 Asy . . .
: . 3 4= a - . 34 )

h . i . -

where i = 1,2,...,n,/y;;Q§Phe'subscripts replacement implied.

Using (4.36) and (4.38) , the total-ohjective function

‘can be rewritten as follows:

S '
’

L ~ = - + 3 + -

‘ ¥ ~ (kW1 Y1 sz Yz kw:1 ¥ )‘ (4'39.5

-
where .

N Y = -Rx - RS| \ (4.40)

' Y, = [R,| ! . (4.41)

- / and, kwl'#wz'kws AaFe positive wglghtkgg factors. }

5 -

The \cbjective function (4. 39) is to be maximi?éd. fé(

ﬁs»applicable to both types of tapls, solia‘boring and tre-
/panningr Although the widths of cut are constant in trepanné
ing tools, the magnitudes of the cutting force components are
noE'constant, because'these are functions of the angular iocatioﬁs

N through(thé\cutting depths S;s as given by_eqﬁation (4.19).

b e 0e s — . PN
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C The number of decision variables for each type of

tools are: . . .

R 2n - 1

o
]

Solid boring

P dew
Y
.
~

y - Trepanning .

=}
- N
fe

»** yhere .

e
!
—
»
. ‘ .
.

SRR et
.
.
13

n; = the number of decision varlable
. |
n= the number of cutders

.

- ) 1]
v

“ ) L .
5‘? ¢i, i = l,z,...,n; b-' .l = 1_”2',-‘111\,11-1
and in trépanning: , N . - ¢

-

¢i"’ j.=l,2,...,n \ . ' - . «~

While in staggered tools,” the number of cutters and’ their

’ ! . . 3 - *
w1dths”aﬁe known in advance, and their angular positions are

restricted in a way that the outer cutter 'is located opposite

1& j . = or nearly opposite to the wegr‘pads, in multi-edge tools, the
b number of cutters is not known in advance,‘but-is restricted
22 . . " by the strength of the?head, and the angﬁlar locations of the ey
v - N .cutters are bounded and depend on the locations of the two Y

g nelghboufgng cutters. The w1dths of cut in solid boring

i - vary .but are not uﬁrestricted.r‘$hpir limits are prescribed

~ by the designer and.are constant, .the upper bound being less

‘3 . , o~ - .

% o
3 ‘ e

By * ~
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than the tool radius all but one cutter. These restric-. }
S " tions do not require modification of thé objective function, :
50 it remains unconstrained< They can be implemented. by :%
. ‘ proper bounding of the tool parametets, #.e., by prescribing & ?
: T maximum number of cutters and lower and uper limits of the ﬁ
ﬁ cutting widths b, and angular locations _of cutters ¢.. i
& - ’ * ‘ ' * ' /fﬁ&x\\éi
{ o | ' , !
5 " First, the limit for the number of cutters is determined. 5
? © If equation (4.22) is applied to the aveiége\cutting edge, we, ﬁ
| have an average radius of the chipmouth circle: hE .3
' . .
¥ = Ja2 » I
9 . . r, = Ebm -d %q%f -,Edbm ) . (4.43) ,ﬁ
: ' where ,bm is the average ngtlng width bm = &(bL+bR); bL :
i and bR are lower and uppeé bounds of the widths of the cut,
2 reSXthiveLy. | '
P C ~In the solid boring head, one cutter cuts to the center, b
'; 'R@nd for that cutter bm = b =4d/2, and taking & = l.l, the \ﬁ
‘ h‘#h) ’ . ""
; , chipmouth radius is calculated A
3 r = 0.221d o (4.44) b
n‘ \\\.h . * ’ ‘ ‘ "§
; . (ﬁ‘ . , . f ';:
. . If c¢ -'designates the part of the-chipmouth area re- e
. . . Rs.
' 4 * A\l i
! . served for the cutter pocket, then the total area to be taken L.
- off of the head cross-section, is: i
g , v ’
E§ ' . N .
A, = (l+c)[(%-l)r§n + (0.2214d) %n] (4.45)
1 ) ' < 3 I
e
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Foﬁ a head ‘to be strong énough to withstand the loads “ °

exerted on it during the cutting operation, the area Ac )

.

should not exceed a certain percent of the head cross-section- -

\ al areas

y ’ . -~ -
- . nd?2 by
. A e - (4.46)

N )
\

' which enables us to determine a maximum number of cutting

edges .

.

. £d%/4 (1+c) - (0.221d)°

2.
rm

n<i (4.47)

In trepanning tools, however, all cutting widths are

identical, i.e., bm_= b, r, = and hence

«

(l+c)nr?w < g (d-b)nb ‘ (4.48)
. ’ ! )
\ .
and a maximum number .of cutting edges

L < i@-b)b L

T (l+cfr?
. - . ' )
It was found that z 0.4 to 0.5 is an optimum for

both the solid boring and the trepannihg tools. ¢ = 0.4

for solid boriﬁg and ¢ = 0.6 for the trepanning seem to be the

3

best values. 2




~ With these values, equations (4.47) and (4.48) can Be used

for the\determ{nation of a maximum number of cutting edges

+° in the]solid bb;ing and trepanning tool, respeétively.

;S

AN

-

As discussed in the first section of this chapter,
> . " multiple cutting should cover the outer and middle zones of

the tool radius. Accordingly, the upper bound for the widths

3 L of cut should be around three-quarters of the radius, except
for one cutter, which cuts toward the center. In trepanning,

the cutting widths are constant and standardized in commer-,

» ' bl

cially available inserts.

.The angular locations of theacutting edges are speci-
fied by the limiting conditions on the angular parameters ¢i.’

However, because the cutter angles and widths of cut are

continually changing, and the limits on the cutter angles are
Idependentlon both of these éarameters, their limits® are
; . continually chang;ng,too. ?igure 4.11 shews\fwo cutters
. . arbitrarily located on a solid boring tool. The figure is
g.- ) ' | ased on the analytical model of a boring head, shown in
; jﬁg.4.7 which was used.to approximate the chipmouth.- With

tﬁis approximation, the angle by, as defined by equation
(4.23), is used to express the limits for the location of
Acutter i; the lower limit is given’ by .
'." | \ P

o . '¢Li = ¢i—l + 'awi_l + Awi (4.50)
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and the upper limit by -

N .
¢Ri = Pi41 T OV T AV

Th these equations, the subscripts replac

implied, so if i = n+tl then i = i, and if i =
AN

, : - L3 - ' 2
also if ¢Ri < ¢Li and if ¢i < ¢Li' then ¢Li

¢Li and if ¢i >4¢Li then ¢Ri + 36

[

if oy <

R TGl L A S

3

j
Equations ~ (4.50) and (4.51), as well as

1

(4.23), are valiad fdf,bofh the solid boring and|the trepann- :

ing heads. However/ the values of o and A are different.
. i |

i

and they depend upon how much‘space expressedxin\angular

units is needed above the cutting edge-for the cﬁipmouth and
how much space is needed below the cutFing edge forfthe cutter
pocket. It was found that o = 2.0 and 4 = 0.25 to 0.3 best

met the space requirement in the solid boring heads, and- -

X
a =1,5and A = 1.5 are the values most appropriate to the tre-

v
1

. pann%ng heads. - o
. \\

Thefe is no provision in the optimization forithe loca-
tion of wear pads. This hés to'be determined by thé designer.
ge‘has the option of standard spacing or a little larger for
wear pads, depending upqnﬁ;he magnitude of the cutting forcé
fesultaﬁt‘and its deviation in direction, as well a# upon

»

the space available for the wear pads, in a given d‘sign.

! °.
. T
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ﬁ 4.5 OPTIMUM TOOL DESIGNS

o

?he method described in Section 3.2 is used to

minimize the modified objective function. Since the | K

diredt search rout}ne which has been adapted for tool optimiza-

tion maximizes ah objective function, the negative objective

function given by (4.39) is maxihized,as it was explained in

‘Chapter III. -

, B

The computer program consists of a main program and six

. ¢ . .
sub-routines. The direct search itself, is realized in two

-
0

' standard sub-rqutines, which are readily available in most

, - ) | ) |
computér librari®s: N L |
- —{ 7 t

(a) PATRN sub-routine e

» Y

"' {b) EXPLOR sub-routine
A\

\ - -

\ . . ' -
5 N

. N o ' 9
The flow charts of these two sub-routines are given in

.

Figures 3.3, 3.4, and 3.5, in Chapter-III, .
b . oo , * .’ * .; .
The‘other!threeﬁsub-routines developed for the particular

P e

o

problem of tool Sbtimi%?tion are:

(¢)  LIMITS sub-routine
(d) CHECK sub-routine I -
(e) MERIT sub-routine . o

(£) STATS sub-routine <.

—

" «

e T L LRI WITE T e il A




] . .
u X Lo .ﬁ L]
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- The conversion of program variables into,the problem var-"-
) - iables, the evaluation of the oﬂgective"function, and again,
- ‘ / . N
‘ “‘ ) B A * ! 13
tﬂe coniversion of problem variables into the program variables
- is performed in the MERIT sub—roufine. The detail flow chart

.of this sub-routine is given in Fig. 4.5. This sub-fdupine
is called by the PATRN and EXPLOR subroutines for the function

evaluation after each exploratory or patternlmove.

”, -

34 The LIMITS subroutine evaluates the .lower and upper(&h

-

.k ) bound for the angular parameters and is called by the PATRN and
XPy?R sub-routines after eadh pattern aad expioratory move.
No fIowchart is givén for this sub-routine,since.it is rela-

i tively simple. The boandSuare evaluated by the use of eqwsf

tions (4.50) and (4.51)with the logic required.

' . ) ~The CHECK sub—rouﬁinelhas been separated from both the

" PATRN and EXPLOR sub-routines. It checks the limits of the‘variables
) " " ‘and it is called by the two sub-routines after the LIMITS sub- \“

+ * routine to check the variable limits. o ‘ N

? s W The STATS sub-routine calculates’ the deviations in ~
magnltude and dlrectlon of the qﬁttlng force' resultant«and in
‘ ‘ addition, calculates the feed cuttlng force component%ﬂana

Y
» .

nthequttlng torque. Ne flowchart for the evaluation of the

‘l
deviationg is glven, since’ lt 1s simple. For the evaluation .
v of the feed ccmponents and the cutting torque, however, the
' ~

. . logic given by the flowchart in Fig. 4.5 is used. This ‘part

AT . T TS TR
PRLITRS I LU E R S e
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- a

\ .
of the cutting foérce evaluation is not included ;;\Ehe

]

MERIT sub-routine for the. sgke of time saving.

The main .program reads in the data, calculates or

reads in the optimal number of cuttlng edges, calls some of

the sub-routines, and prints out Postrof the results.

4 & .
/
L]

There were several minor changes made to the standard

sub-routines, of the direct search routine.~ These changea are

not of significant fﬁportance to be reported. During;the pre-
liminary testing of the program, however, a major addition to
the EXPLOR sub-rdutine was necessary, in order to make jit-

work efflciently. Namely, during the optimization procéss,
the cutting edgks will slowly rotate in the direction in -

which the objectire function is approaching the gptimum.

. Occa51onally, two cdutters will mqge towards each other until

their llmltlng ‘conditions® do not allow them :to;move gny

further. .This would occur, especially when the cutting head is

overcrowded with cutters for a particular diameter. The

variables would then become 'locked‘ together. To solve this

I’
problem, an addition was made to the EXPLOR sqb-routine\in

~

which the pair of 'locked' cutters would be rotated together,

as a pair, in the direction of approaching the optimum. This

-

‘\%ade the sub-routic! work in cases when normally tﬁey would

¢ ¥
not;, without this addition. This supplemental; section to

. : N .
the exploratory moves is described in the flow chart given in
/

Fig. 4.12, and has been implemented lnto the EXPLOR sup—routlne
‘w“

-

e

R S
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angular vari-
ables locked toz
.gether

Increase -all locked
angular variables

Decrease all locked
angular variables
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Reset all locked
! angular variables

\

Retain new

angular ‘'vari-
ables and new .
functional wvalue

.
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FIG. 4.]2

IN FIG.3.3.
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DESCRIPTIVE FLOW CHART OF SUPPLEMENTAL ,
SECTION OF THE EXPLORATORY MOVES GIVEN

A
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described by the flow chat:\§ivip in Fig. 3.3. 4

The preliminary testing of the program which primarily
was carried.out «to examine its capability and efficiency,
! !

was done Wwith rather hypothetical tool parameters. The expon-
. ‘

ents to y, and y, in calculating the cutting force
, ) {
components were not definitely established, at the present -

‘values and material constants were more Or less :

selected without serious consideration. The results of this

11
k] .
preliminary program testing have proven that the techhigue

represents quite a geﬁeral and efficient means for the ~N

, optimization of all types of multi-edge tools, such as

staggered tools, solid boring, and trepanning multi-edge tools.
) '. ¢

The program listiné is'given in Appendix IV. The

ﬁrogram is written in FORTRAN language and the calculations are

o ta < .
e iod SRR T .
,

performed on a CDC-640Q computer. Five optimal tool designs
from the preliminary program testing are presented in Table

4.1. The data sheet for these tools is given in Table A4.1l.

I3y s
FOESIEIE N - S
: I3

The typlcal printouts of these programs reveal that the total

number of functional evaluations varied ‘between 195 and 650, '

*

the number of base evaluations between 25 and 60, and the
central processor time between 4.2 to 11 seconds. Thé STATS
sub—rouklne was not included in thlS package, since no routine

for statistical analysis was available at that time. The ,

problem had been treated as a deterministic one until the

L 4

statistical acflysis was implemented.
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Before the completion of the package by implementing‘ the

STATS sub-routlne which handles the statlstlcal analySLS, the

prqgram was used

)

to optlmlze a trepanning head with three
[ 4

cutting edges, Tool No. 1, in Table 4.2. This tool was aimed

toward application in a steel workpiece.//The head proto-

type was to be manufactured and tested on deep-hole machlnlng

-

facilities that were available for this purpose.

* Trepanmfng Head No. 2, in Table 4.2, was optimized for

-

the same workpiece material afte;,the program péckage was

completed by implémenting the STATS sub-routine, and after

. Tool No. 1 was found likely unstable, due to the large devia-

tidn in direction of the cutting force resultant. This

tool was optimized for a double resultant chtting force which -

¢
resulted in /more

AA .

"Tool No. 3

?

than twice less deviaticon in direction

in Table 4.2, is a solid boring head optimiz-~

~

ed for the same workpiece material as the other two tools.

-The tool parameters that are knogn in advance .are the

. ) .  J
hole diameter, widths' of the chip separators p; and p,, and

L]

approach angles of the cutting edges «. These are assumed to

be identical for
for each cutting
geometry and the

material, as was

m Ne
all cutting edges. Constants CT’ C, and C

R F
zone can be determined from. the cutting edgd.
ultimate shear strength of the workpiece

described in the first section of ‘this chapter.

. b d »v’u»\ [y \Mﬁ\‘*’m.,un
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A g

p, &, kwT’sz’kwa’ and f are the computer program parameters.

Rs is the magnitude of the cutting force resultant pre-selected

on the basis of a force necessary for the tool guidance and

“the hydrodynamic 1ifting force at the wear pads. The feed

. \ .
(denoted in the program b&'t) is éLso pre-selected on the

basis of the machine tool power and torsional‘figidity of the
boring bar to be used. PFactors ¢ and c¢ are ére—selected on

the basis of tool strength and space required for the chip-

t
mouths. { an ‘“pR are lower and upper bounds for the widths
. - }

of cut. For /trepanning heads, the cutters are identical.
4 T

Factors p and g represent the relative deviations in the .

radial and tangential cutting force components, respectively.

Constant¥h sets the initial input values for jthe angular
locations of the cutting edges}

. -

The data sheet for these three designed tools is given

in Table 24.2.

-
)

3

- '
‘. »

s

With these inp&t condiflons, the computer program can
optimize for two to n cutting edges. The program eyaluates

¢
the~number of cutting edges. The factors that -limit the

number of cutting edges, are:

(a) The tool diameter - ghven a certain tool diameter
it is possible to attach only a certain number of
cutting edges to the tool head, because of the

large amounts of space reserved for chipmouths

and cutter pockets. The designer can affect the

. w@ LA oL o P A 24T T
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number of cutters by choice of factor { and

the upper limit for the widths of cut, bg.

(b) Tool strength - the material of the head must: be -
of sufficient strenqth to carry the largé loads
that are generated. fhe greater the number of
cutting edges, the larger the loads that are
generated, and the legs'the mass of cufting head

to support the cutting edges. \

.

(c) Machine baﬁacit& - an increased number of
cuttiné edées would necessarily'increase the
feed rate to achieve the optimal chip-forming
conditions. This, however, may require the

4 >

torque which is excessive for the boring-bar and

\

- The computer print-outs for these three tools are

-

for the machine power plént.
y .

o

given ?n Appendix Iv. They show that for 'the diameters used
three cutting edéés were the optihum numbers for both the
solid bo;ing.énd the trepanning head. However, under the
conditilonn that only .40.percent of the head cross-sectional

area is used for chipmouths and cutter pockets, the number

of cutting edges for the trepanning head was found to be

|
two.

<
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. There is a large number of solutions for any number

of cutting edges. These local optimums are dependent on the

' ,initial input values and répresént the final sets of paraf
. ’ ' ‘s

meters closest to the initial sets of input values. This
allo;ﬂa a desig.nei: the opportunity of partially ptredetermining
the location Sf the cuttir;g edges. The designer can also
choose th‘e/optimum result from several\ of thé solutions thus

obtained.

' Evén the optimum result chosen for the desi;gn may be
subject of minor corrections. These corztectiorlfs\are fine
adjustments of the parameters from a practical point ofl view
for the designer's convenience for ‘exgmple, rounding o;f .
the ﬁa;amefcers. The effect of these corrections is calculat-
ed by a separate computer program called FORCE. Thi§
program <alculates the resultant force mégnitude, while its
direction is maintained horizontally and also evaluates the
deviations in magnitxnlde/and direction of the force result-
ant. The program listing and the computer printouts are
'included in Appendix IV, Acéually, the optimal tool designs
ligted in Table 4.2 are the results of these adjustments and
represent the printouts of this program. The difference

: : P :
. between the corrected tools and their original optima is,

however, insignificant; the corrected tools are free ;_bf

weak points in terms of stress concentration which cAnnot

be detected by the optimizatidn program itself.




. The final step, before the tool design is undertaken,
is to locate the wear pads with respect ta the direction of ¢

the resultant force. This aspect has already been sufficient-

ly investigated in single cutting tools [1,38,55]. ?he
cutting force resultant in multi-edge tools has to bé’traﬁs-
mitted %o the bore-wall in the same way through the 3?0 wear

pads, as it is transmitted in single-edge tools. This means

.
+

, that the leading wear pad supports most of the resultqht

- 1 v -

The wear pads are located between 90 and 100 deg. from each

other. ) . s

-
t

:

. Recent research work [61,69] - reveals a more qualita-ii
tive criterion for the wear pad locations. Due to this

criterion, the normal supportihg force resultant should bisect

e,

o PR N . fw
i Ehe(angular spacing between the two wear pads. In addition,
‘ the angular spacing between the wear pads depends on
. — 7
how much normal force on the wear pad is desired. ' So, if

Co the wear pad angulér spacing tends towards 180 deg., the
- N . h

‘the friction force at the wear pads tends towards infinity.

A It is also shown that the nommal supporting force resultant

at the wear’pads, varies signi%icantly in direction, due to
f%uétuation in the friction coefficient. If the friction

. coefficient is fluctuating between 0.2 and10.4, the variation,

in the directionlof the normal force resultant will be & -

-~

between .11.3 and 21.8 deg. This variation of * 5.25 deg.

° + - -

force and the’tréiling wear pad supports the rest of the force.

: normal force on the wear pads tends towards infinity and h?nce,a

.
. Fe R RS R AR L ¢ A2 e




together with a variation, due to fluctuation in the cutting‘

force components, may in extreme cases, induce intolerable

tool instability. ’ . \

, Although the friction coefficient useg’in this analysis

¢

" is incompatible with the hydrodynamic theory of lubrication,

-

!
the procedure seems ﬁb~1ead to the wear pad- locations well
established in practice, so far. Hence, the tool designs,
based on the optimal parameters listed in Table 4.2, have

I

the wear pads located by use of the above{déscribed proéedure.
Nameiy, the norhal supportlng force resultant wa§ rotpted at
the average friction angle of 16.6 deg. clockw;se; and the
wear pads located so that its line of action blsgcts the
 angular spacing hetween the piﬁs. The angular spacing between
the wear pads, is greater than 90 deg. and depends on the
magnitude of the cutting force re;ultant and the vari;tionJin

its direction. The greaﬁer the force resultant, the less

angular spacing of the wear pads, the greater the variation

¥

in the direction of the resultant, the greater the spacing of
. ?

3pe;ﬁear pads. - //

r

Y

The cutting tool optimum designg\achieve by the des-
"cribed procedure result from the optimum c¢bndlti ogg for the
_tool in a steady-state cuttlng operatlon. Howe er the tool
‘mlght work under quite different condltlons during the initial
. cutting into the workpiece. Namely,,dependind oh the order

in which each cutting edge'begins.toacut, the cutting force .

resultant will increase in magnitude and vary in|direction.




. L }
a%
v ' I B . Y ‘

. .~ + This variation: in the direction of the resultant for'ce should

*
-

be within the limits derived from the condition that the

C e s

. line of action of 'the normal sqppértingyresukpant points
. I '

FI

.between the wear pads. This is the pri?gipal condition for

7
-

. tool guidance and stability. , @
* ~N
s . .

-

In the case of trepanning with multi-edge tools, all .

AT F £ .

cutting edges start cuttlng ‘into the workpiece SLmultaneously,

b

. w1th thelr mlddle zones. As these zones completely enter the
workplece, the’ lnner zones w1ll begin to‘cut and before they
enter the workplege, the outer zones will begln to cut. By
the time the duté} zooes cémpleoély g%gage in cutting) the

ﬁouttinq tool reaches the steady state cutting. During this

»  initial Euttiné, it seems that the period duriné which the

4 e b ;
k . middle zopes of thegcytters cut alone is most critical for

} | "the direction of the cutting force resultant.’ The appro;oh

F.§‘ ) , afigles of the inner and outer 2zones are opposite and the

¥

L . .? radial forces at these zones cancel, out, while the tangentlal
' \ v =

.

s forces incréase to their full magnitudes. So, it results. in
a change of the tangent of 6 during this period from ‘
* - epproximately 3.3 t%,lo, which means that the angle chanées
: t : about 11 deg. - If all the cutting forces ohenge difection
| ©o11 degs., then the resultant rorcelwill change its_direction

. N .
at the sameiengle. Since ll*deg is not & significant change

in direction, it could be considered that the multi-edge
‘ .

.\ ;e ,
trepanning tools will be well supported durirdg the initial
- ’ ‘s & . : . ) o
cutting By the wear pads; see layouts Z-042-23-0200-0201 and
o - )
) 8 \ ) . ' t
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2-042-23-0200-0204, in Appendix %% .

‘a
£

' In the case of the solid boring tool with three cutters,

=

the.cutter 1 first begins to cut and it is evident that its

cutting Force will be supported by the h,ear pads; ‘see layout
2=041-1000-0051 in Appendix V.

1
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EXPERIMENTAL SET-UP




" @APTER V
EXPERIMENTAL SET-UP
O ~N

'} Since it is more convenient to carry out actual tests
with trepanning tools, rather than with solid boring ones,

only .the trepanning heads designed and optimized in the*

previLus chapter were manufactured. The optimal design para-

meters of these tools are_ given in Table 4.2. The two and
three-cutting edge trepanning heads were then tested using the

‘ 3

deep hole installation of Menasgo MFG of Canada Ltd., in
> . ?

Montreal with workpieces from the company's production line.
N ) ,

4

|}
5.1 CUTTING HEADS

The trepanning head with the three cutting

edges was designed for a nominal hole diameter of 4.145 inches.

(105.283 mm) and standard BTA 28 trepanning inserts. The

tot?l groove width cut was'28 mm.\ Also standarq weér

pads of 16 mm width were used. They were located at 90 deg. .
from each other; based on the principle dgscribed'iﬁ\t¥e
previous chapter. The head prototype was manufacthrea

to the detail drawing 2 - 042-23-0200- 0202 1qcluded 1n
Appendlx V and was found conformlng to the drawing - spec1flca-
tloqs. It is lmportant to state that the cutting edge front

geometry specified on the cutting inserts by the approach

angles « is not identical to the geometry of the inserts, as

N «

§
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mounted on the cutting head. . Namely, the -Jutters are tilted
\ .
outward 2 d?q. to compensate for the wear of the circle land

when regrinding the inserts. This was taken into .

. -
account before the design was undertaken and during the tool

optimization, by increasing the approach angles by- 2 degq.
4
The accurate location of the inserts re;ative to the head

axis was assured by prescribing a close toleérance on the width

!

3
:§
:
\;g
%
3

of the positigonal slot and achieving,a locatiopal transition

Ny

fit of the LT2 bush fit class (ASA). 1In order to avoid any

eccentricity of the positional slots the tool of the slotting

R N T S U

)

machine was kept at the same posiﬁion and at the same slope .
relative to the machined cutting head which.was fixed in a-

dividing head and rotated through the desired angular distance.

A gt

*

\

N
i

The head was tested with commercially available

g

. o g s
523 B AR

standard BTA 28 carbide inserts, Figure 5.1 shows the tre-

panning head with three standard inserts ‘mounted on it and

W

two spare inserts in the foreground.

F

The standard thick-walled boring bar orig;nally plann- E

ed for the tool testing phase was not available at the company, so‘ f%
the next smaller size standard boring bar had to be used. ‘ipis » }%
bar was\only 2-mm less in inner diameter and could“be‘used with %.
the head provided an adapter was fitted. Such an adapter was fi

W

machined and inéerted-into the head, so that this could be
8 i . L .

14

%

& A o
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FIG. 5.1 TREPANNING HEAD PROTOTYPE WITH THREE
CUTTING EDGES
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5

.attached to the boring bar. The adapter is shown in Fig. 5.2 .

A serious shortcoming of this modification was the fact that

the boring bar used in the tool test had only half the

-torsional rigidity of the thick-walled boring bar:-originally

was a serious drawback because it did not permit us to take

~selected for this purpose. This lower torsional rigidity . 3%

full advantage of the multi-edge cutting tool by applying
higher feed rates.

The cutting head was not ground to the specifications
of the layout Z-042-23;6200—0201. The three inserts were
levelled to the best possible positions. Howe;er, being
commercial inserts, with no regrinding for accuracy, it was
impossible to level them ideally onto Fhe head. The inserts
were set at compromising levels with ﬁinimﬁm plus-minus |

differences from a mean level. This suggests that the cutting .

forcé'components and, hence, the resultant force in such a
head, might have been rather erratic in both magnitude and
direction which might have caused improper tool guidance, and

inaccuracies in the hole size.

’

N




S . After the prgliminaryctests with the head protofype
‘ N i

.it- was concluded that minor changes were necessary and the

,head was modified as follows:

(1) -~ The trailing wear pad was relocated 30 deg. further

from the leading pad so that the wear pad angular

spacing became 120 deg. This was done with the

TR P P g &y
>

fh\\\ ! intension of slightly increasing the supporting

forces .at the wear pads; and also to make up for an

: increase in the frictional forces at the wear pads

o

: which would tend to shift the resultant supporting

' , force toward the trailing wear pad. But, the main -
reason for this modification was an excessive varia-
tion in the direction of the resultant force which

was found .after the STATS subroutine had been %

PO P T T T Ui ST I R T S
Q
&

‘implemented in the camputer package.

T (2) The tool inserts were ground to the

S o s e e————
o ¢

' “ specificatidﬁ of the layout: . .

= -

(a) ﬁhe cutting edges were identically ground ih»

the front profile; N

(b) ,the circle land of the cutter located opposite,

to the wear pads was ground to the exact hole size;

o the -circle lands of the other cutters were ground

inwards for a predetermined clearance;
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.\ ,
) (3) the chip-breaker grooves were ground as .a
- “ function of’ the effective cutting depth per cutting

‘edge.

To assure accurate grinding and identical inserts in

both the front. profile and the length, a grinding fixture was
- 4 ( | )
made and used for accurate %gsert positioning during the grind-

ing operation’ on a universal tool grinder. The location of
the slots in the fixture assured the:identical approach
éngles for all the inserts, while an adjustable set-screw at

.the rear of the fixture assured equal length for the inserts.

The clearance angle of .the inserts could be set ‘either on the
.

érinding head’or on the dividing headf—to which the fixture was
attached. Grinding of the circle lands of the inserts was

A .

done on a cecier grinder. All grinding operations were done

LIS AR L A

14

’ with no coolant applied with diamond wheels at.gpeeds from 12
% °  to 18 m/sec (39.4 to 59 fps). The set-up for grinding the

front profile of the inserts %s shown in Fig. 5.3.

I

-

»

Besides the trepanning head with three cutting edges,

a head prototype with two cutting edges was also manufactured fo¥
H r - -
(] : further testing. Having been optimized for a cutting force

better gulded beéa of less deviation in the direction of

E , resultant of 7.45 kN, (1576.25 1bf) this head was expected to be . ‘v)
| J

the force resultant. Also, in order to avoid the use of

excessive feeds, it could be tested with lower feeds and'heﬂce,

lower cutting torques without experiencing chip-formation




T
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: FIG. 5.4 TREPANNING HEAD PROTOTYPE WITH .
TWO CUTTING EDGES o .

] ¢ ' '
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problems. This was supposed to diminish the difficulties caused
by the use of a boring-ﬁaf of relatiyely low torsional rigidity.
This trepanning heeg 33 of ‘the :same nominal diameter ’ .

A

and is also aimed at the use of standard trepanning inserts
that have been reground to the grinding épeéifications of
Drawing No. Z-04é-23—0200-0204i by the use of the same grind-
ing set-up shown in Fig. 5.3. The head with the, inserts ‘
mounted on it is shown in Fig. 5.4. -

A
v

5.2 MACHINE TOOL

. %

. - "
) -~ - ®

For the testing of the heads,.a modern universal o

o

deep-hole boring machine VDF Bl0 was 'used. The machine possess-

»

es all the characterlstlcs neggssary for successful deep-

hole ﬁachlnlng sufflcaent power to avercome €utting torques,
sturdiness and rigidity throughout the machine, vibration free .
¢

power sdpply at all speeds, infinitely variable feeds in-

Y

dependent of speeds, adjustments in feed posﬂible while machin-
’ ~

’ingfis in progress, and while dRlip formation is being observed.

It allows the counter-rotating bériﬁg operations and has a

.

system of controls and/safety devisps to indicate faulty,

‘operation, and if necessary, to stop the operation.

3

. \ . ' "\ "2
Fig. 5L5_sh6ws the front and rear pictorial views of’

ﬂthe experlmental set~-up on VDF B-10 deep-hole boring machines.

v‘lv"i-e\'\
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, " FIG. 5.5 FRONT AND REAR VIEW OF EXPERIMENTAL e
 SET-UP ON A VDF B10 DEEP-HOLE BORING

‘ MACHINE - ' 0
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- N The technical-aata for the VDF Bl0 .deep-hole .poring
P . N
machine is:  -- SR b S
) »‘ / ! - e ) .
N ‘ wOrﬁ‘héadstock/ rive power * 74.6 kW(100 HP)
. \ . > - .
' | Tool headstec drive powet 44.8 kW(60 HP)
. ",wO;k headstlock torque . max. 12.7 kNm(9,375 ft-1b)
et [ . Toolaheads ock torque ‘max. 7.62 kNm(5,625 ft- -1b)
) P Spindle speed ’ " 12 steps 56 to 710 rpm
. / . Boring baf spee N 12 steps 56 to 710 rpm
, el 'Feed-steqléss rgnge - . (g\ 4 to 2,500 mm/min
. e . ’: . . ' ' (0.16 to 98.5 ipm) .
"L ot ‘F‘pastxgxéberse motion " 3,000 mm/min (118 ipm)
e ‘@ °  Ccoolant! flow range ’ 232 to 855 1/min
' , D ow _ ! v : (51 to 188 gpmP %
' ' ’ Coolant pressure range 1,480 to 2,760 kPa °
.- A v v . (215 to 400 psi) ~ .
. ,‘u‘ i - A LR l « ,,‘
~"ﬁ‘, e The carrlage of the fluid transfer unit which produces
.- } . the clam#&ng force oh-the workplece located between the recep- .
/L tion p¥hte of. the pre’!ure head and Qhe work headstock, is .
. seed n the front v1ew of Flg 5.5.. The controls' console is -
¢ ’} ‘ v
. ‘. atteched to the cafriage andlhas{the read out indicators located .
v ngm leﬁt—to-right for the following: ‘ tn‘ ] i y
N L . ' . " A ' . N . .
S 1) - Clamping thrust force in-1b . ' \> ..
1” . ' . i . © ‘. o :
e N 2). - Nﬁéed force in-1b ~ . ) R
IO ¥ T 3) - Power af the work hEadstgck.in HP, . \ e
. %3.':7 &4 /\) ' o ’
vo )w : -Coo t pressure in psd ' ’ i
* I M ' N § o W ! . . . L
. .. 5)Y Power of the tool headstock in HP 7 ,

R ' " 6y ' cool 't'ﬁ}ow rate in gpm (located below) - . _/ .




- N . v .
B

5.2.1 Boring Bar “ S ) ’

r ’ ? -
- » \ w |

~ The boring bar used for the testing of the tools is

9

) a standard thm—walled bar of 82/66 mm hollow crosa-section p

o 14 feet long Since the heads were made for standard thlck-wall-‘
‘s'_.‘ ~ \

s ed bor:.ng bars of 94/68 mm cross-sectlon, they could be
- attached to thls borlng bar by the use of the adapter shown . -
B in Fig. 5.2. The boring bar w1th the ;repannlng head attaohed
. to it a' its front end, is shownrln the front view of

'FigA.S .5 projecting out of ,the Cfpressure‘ head.

| s s ' ' .
T = Another view of the boring bar is seen in the rear A\

B vievi of t‘he same géigure. In the foregro’und,, the bar l}s .
clamped to the chuck-of the tool:headstock;in the middle
. AN .
it passes through vibration damper of the Lanchester type:;

in the b'ackground, it enters the fluid gransfer unit.

\ ) The .bering/bar,parameters are: ' R
- . vo- 't < R , " " s -

Outer diameter , . 82mm (3.228 in) |

Lo ‘Inner diameter . - 66,mm (2.598 in)
e etali length : 4,267 fm (24 £8)
Freedength - - - ° 4,089 mm (13 £t-5 in)

Torsional'rigidity o 5.x 10° kNcm(442,513 in-1bs)

\
’\ I B - Fy
P ] [
S . e .

If the .éalcula\ted value of thHe cutting torque of

N\ _
96.226 kNcm is ‘exerted on the bar, then a twist angle of
*0.269 deg per‘ meter can be expected. If a deflecti/on due to

’\ w;the frictional torque is added to this value, it results in
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- -

the possibility of the twist‘angle ber unit length of the

~
. J

 poring bar reaching the value of one-and-a-half times thé
{
- &alue allowed for the driving shafts. This indicates that

, torsional vibratlon due to any periodic excitation in the

boring bar may reach excessive proportionsy and if its frequency

is below 1,000 Herz, it would'causq'the carbide cutters to

~

deteriorate very rapidly.

°

« | .5.2.2 vVibration Damper

!
L

The torsional vibratigg damber is a standard unit of each
: »

L] .t R
deep-hole boring machine, which absorbs torsional vibrations

eelf-exc1ted 'in the cuttlng operatrén. These self-excited vibra-
tions, if excessive, make the cutters chatter, which has a

negatlve effect on the surface finlsh and . tool life, partlcularly

AN
N

bn the tool lﬁfe of carblde toois. The ;Bttlng tool chatter and

self-exc1ted vibrations are ‘a phencmena common in. metal cutting.!
.y ' )
The vibrations are non—llnear in character, and ‘are. attrlbuted to

negative- damping in the machlne-tool-wsik—

('"

The damper is of the Lanchester type vibration absorber.It

the existence of
N N
piece system. A

.
L4

AL ) :
consists of a flywheel, attached to the boring -bar by means of
a tapered plastic bushing which can be tighteﬁ%d around the

bar or loosened, depending on whether we wish to produce more.
: i\

.,,Ngi\less Coulomb friction between the bar and the flywheel bush- :

*

ing. The f2ywheel runs on anti-friction beafings which are\

n

fixed in a mass}ve housing. The housing can slide along the N




machine sideways for the relocatlgn of the damper at a des1re

position ©n the boring bar.
/
- The damper is most efficient wheﬁ'the‘energy dissipa~

tion due to Coulomb frlctlon between the borlng bar and the '

fiywheel zs at a maximum. Obviously, this maximum must exist

since the energy dissipation is zero when the bcshing is -
X .

entirely loose‘oq the borlng bar apd'no friction exists between
them, and &ﬁen tﬂe bushing is firmly tightened on the boring

b#r and no relative‘mbtion between them occurs. An optimum
tighteniog of the buéhfng around ‘the bar would make thé flywﬂéel'
rotate together with the boring bar allowing a elippaée and
friction to occur on theqcontact surface. The -best - damplng

effect is achleved when this friction torque becomes a maxinmum.

s

~ o ,

Since the Lanchester damper is a“displacement damper, it is
most efficient when located at thé maximum amplitude of the: '

twikt angle on the boring bar. The damper located .at a nodal
.

point of any v1brat1ng mode will have no damplng effect.

Although the optlmum conditions for - best damplng effect of

!

a Lanchester damper cgan be analytically prEIEted uncertalntles
vl
associated with the frlctlgh coeff1c1€!t and the v1bratlon mode

prediction make this analysis 1mpractical. Trial
and error searches usually lead to optimal friction and the

location of:tge damper, in each particulaf'appiicationi
u‘{"‘, N R ’ "
The Lanchester dampér which is clearly ‘seen in the

ot ¢

srear view of Fig. 5.6, besides damping torsional vibra- ., *

- A
/
I
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thons, has an important role as an extra support in increasing

the stability agalnst the buckllng of the borlng bar. An
alternative to.the vibration damper 1n appllcatlons where the

Se—

boring bar does not rotate, is the clamping support. This
unit clampsfthe boring bar at a desired‘length and it moves
with the boring bar, ‘along the slideways during the boring
bperatiqn;‘ AlthSugh the unit can increase multi-fold, the

torsional rigidity of the boring bar, its serious shortcoming

» is that it is applicable only for holes of low length-to-dia-

meter ratios and-‘to a workpiece which can be rotated. This

: . . )

unit is very often mistaken for the vibration damper because

it resembles one so much. ' R
[ ~ & ' ~

v N N +
W

5.2.3 Pressure Head .

(S

1

A standard pfessure head of UW6 type wes used as a :

r “,

fluld transfer unit. Ft transfers the cooling fluid under hlg
pressure from a statlonar{ unlt to a rotating workplece A staxth
lng bushing which had been built in hardened steel and

ground +0 a clearance of 0. 038 mm (0. 0015 in). on the diameter
prOVlde the cuttlng head w1th a‘necessary guidance during the

et

lnltlai pen€§ratlon of.the cutters untll the wear pads enter

“\"fnto the machined hole and support. the head against the

hole wall. \A-front view of Fii 5.6 shows the pressure head

w1th a receptlon plate ready toYreceive the workplece. The

0 - P '

trepannlng head of the three cutters is seen to be attacheg to

the boring bar which projects fram the starting bushing. R

: c
B ' .

B
[ R
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AN ' .
5.3 WORKPIECE ' B ;

Lo
The workp@ece attempted was a component taken from
the pfoduction line of the company. Its shape is seen iﬁ
Fig. 5.6 which reﬁreseﬁ?s the clamping of the workpiece bé-
tween the headstock dead-center and the reception plate of
the pressure head. The chamfers located at an angle of 30 Aeg.
" ‘ on the workpiecé\and in phé régeptiqn plate, serve'to achieve

~ a metal-to-metal sealing between the workpiece and the pres-
. —

;';; By

sure head and prevent coolant leakage from gpé fluid transfer

unit during the boring operation. The workpiece was rotated
* . and the cutting head counter-rotated, while Séing fed into

the workpiece. Tﬁé workpiece overall 1eﬁgth waé 1,295 mm

(4 £ft,' 3 in) and the depth of the blind hole was 1,130 mﬁ

(44.5 in). The workpiece material‘ﬁas' dﬁctile steel AIS

normalized and tempered, between 40 and 42 RC with ultimate

strength from 110 to 124 kN/cm® (160 tuv 180 ksi). This steel

+
PR

o

is extremely difficult for b-breaking and requires . care-

ful control of the cutting speed and feed for good cﬁip forma-
tion.

v
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CHAPTER VI

TEST RESULTS - )

Cn s ' ’ ) . -

The tests of the trepanning heads were conducted in
two s;ries. In the first series, thg head of three cutting
edges was tested, with coﬁmercially available cutting inserts.
The second series of tests was carried out with the modified

A ! '
head of three cutting edges, and the head of two cutting edges

under the conditions described in the previous Chapter.

)

6.1 PRELIMINARY SERIEé‘OF TESTS

¢

During tHe preliminary_toél testing, five tests were

conducted with the tool and workpiece rotating in opposite
M ¢

[

directions.

Test No. 1 T ' “ 4 \

The parameters preselected, as well as‘thosezrecordedf

are listed in Table 6.1. A hole of approximately 2 inches

deep was machined and the machine was stopped,for necessary checks.

The hole was found to be oversized by approximately 3 mm

(0.118 in). The head was found to have rubbed against the

'bore—wail at the area located a little over 90 deg. behind
o :

cutter No. 1. The ‘absence of any carbon deposi£ on cuttems

Nos. 2 and 3 suggested that only‘cutterlNo. 1 was engaged in

ccutting..
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LOCATION OF THE RUBBED- AREA OF THE

HEAD IN RELATION TO THE LOCATION
OF THE CUTTERS
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‘Test No..4 y

- the previous trial-because the inserts were damaged. So, a

" also satisfactory. Chip Sample No: 4 in Figqg. 6;2 was taken

" during this short trial.

P

N ’ 9.

The' test could not resume with the head set-up from

o

new set of inserts was levelled on the head, as given in ", "o

¢

Téble 6.2. . However, the set of parameters'used"in,the previbus

test, was maintained with the hope that it would result in a

«
»

chétperﬁfree operation.

As the lnltlal hole was machlned and the machine was

stopped for’ the ‘usual checks, it was found that the hole 51ze

i~

was accurdte. The surface finish and the chip removal were

.
i LY

Test No. 5

This test was undertaken with the same tool set-up and
The same parameters as the previogs test except for the feed.
The feed rate wash increased to create better conditions for

-

chip~breaking and to increase the cutting force resultant.
This was supposed to create better tool stability\and cut down

the torsi&hal vibration of the boring bar and the chatter of
cutters’ ' , S

[




Y \bperation.

‘machine.

‘enough to cause the'stopage in the operation.

| .
) . - Y v ‘ . ‘
This change brought a significant improvement in the

Pl

-

v o
.ed. The chips were rémoved“successfplly although they were not

’ : : . . .
optimal in shape and length. Sample No. S in Fig. 6.2 repre=
\y ‘

sents chip forms - achieved {in this test. A hole of approxi-,

- mately 1 foot was‘machine before the:problems with the chip

removal oqcurred} resulting in the automatic stoppgge of the

It appeared that the

»

stopage in\the operation was due
to a failure of Cutter No. 3. - A" solid block of tLe jammed chips
shown in the foreground of Fig. 6.2, No.5, was found stuck in

’ \

the chipthroat. This blockage «\in the chip paésage;was itself,

Since this attempt failed to produce a hole of the -
required‘éEpth, it was decjded to resume the tests after these

R J y N
preliminary results were studied, and the necessary. improvements

to the_heéd~_had—been*impLemented. The results of this first

series of tests could be summarized as follows:
) ’ .

(1) .The tool provedﬁcépable of cutting accurate holes’
oﬁ,good.surface finish at higher material removal
rates with feeds between’2 and 4.375 ipm and surfgce
cugtiné speeds‘betwegn 304 and 365 fpm, wHich is a
significan£‘increase, compared with the vg}é?b of
1 ipm feed and 215 fpm sBrfacg-cuftiﬂ;’speed“;;;a\in% .

the single-edge trepanning of the same workpiece

material..

" The chatter was cut down but not completely eliminat-

/

\

’



/, ) . i ”
, Commercially available standard trepgnning ingerts -

Bt eyt o
s
. S

. are not ‘accurate enough to assure the identical cutting
profile of the cutting edges. The difference in the-

effective cutting depths caused by this inaccuracy,

R R
.
~ s

- is of the same order of magnitude as the cutting

depths, themselves, which results in a distorted cutt-

¥ . ) ing force system and an erratic.force resultant, in-

q 2

stead of the predetermined one..

. (3) The tool exhlblted a tendency to chatter due to a self—
exC1tea torsxonal v1bratlon of the borlng bar at fre-

quencies below 1, 000 Hz. *' The carblde inserts deter-

- iorate rapidly if worked at these frequencies; so either
a boring bar of higher torsional rigidityyor more
N - efficient 'vibration damping are essential if the tool

is to be saved from premature deterioration.
N, , ' . . ’

T (4)‘ The chipmouth and chlpthroat areas}of the head should

1
e

be slightly ifncreased in order to fa0111tate the chip-

removal and prevent any b}ockage in the chip-passages.

: . . 6.2 SECOND SERIES." OF TESTS %

During this serles nlne tests were attempted, o v -

1 g the flrst seven w1th the new trepannlng head of two cutters,
and the last two w1th the modlfled trepannlng head of three

cutters. The standard trepannlng carbide inserts were reground

‘to the specifications required in the tools' layouts and stated

[
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oy iz

"in the pr’ev'ious chapter. Values of the cuttihg ‘parameters;

A\

used, both’ preselected before and recorded during. the tests,

_are l:.sted in Table 6.3.‘ 'I‘he tests were conducted with the

same boring facilities and the same workp:.ecelas »the first
. \ . .

3

series. Tests No. 5 and on, -were done with ah aluminum v

£

bushing "inserted in the pressure head behind the starting
bushing with the.intention of daxnpening the torsional vibra- 3
tion of the boring bar. Appar.("'ently, this helped in damp-

ihg out the vibration; but it is unclear just how much .

+ o -
8 - e, o

Since a ‘sta,ndard‘ thicknwail boring bar could not be ,
assured to increase the rigidity ‘of the system, attentj.oh (
was paid to thebtiest utilization of the vrbratioi'x ‘Td\amgaer to .
damp down'the torsional vihrations Jf the bax; and\prevent o

chatter of the é’utters. It appeared that the chatter\was a . .

major ob§tacle to . successful tool performance;ythe more o
intensive the ‘chatter) the more rapJ.dly the cutters deter:.orat- s

O . . o ,
ed. ! 4 ) 0 ' \‘

'\The.gdamping effect of the damper was controlled by

sliding the damper alang the slideways until the locetion of

.maximui_n, amplitude of the vibration of the boring bar had been

found. Similarly, the amount of" Coulomb friction generat =

\0' Ay .
ed by the damper was controlled by tightening or loosening the .

tapered bushmg ‘around the borlng bar. This trlal-and-error
(&) - -
procedure requ:.red very careful observation in order to achieve

the best 0eff1c1ency of the damper. It toqk a couple of tests o
/ ) .

/ o
[ Voo o ,
e A SANARA TG Yo NI Lok WA ML b ORI 0, e 20 Y -y , . "~ « P




.

0005~/ 000‘s |. 000‘s

. — 901037 mcﬂ&EMHv
0zz‘ze 0zz‘ee . ozz'ze|, - e

\

o€z " .ogz : o€z

. , musmmmumucmﬁooo
08S‘T 08S'T 086'1 . 0 ) L

881 . 88T B 881

— - : —= : © MOTJ 3ueT00D
5598 568 ’ 5858 6 G668 ] :

¥900.;0 vmoo.onu. - 0s00°0 . €800°0 - Nmoo\m - T . uoT3
-nyoasx i1ad paag

"Z9T°0 LT9T'0 | LzTo STZ70, ££2°0-

9°1 S99t SETAN 0%.C" A &

- L] !

; — 3 - - 23vI psad
ot ov . b9t o LGLETE 8°0% L Sy - -

tecLe . vrzLe. vrecLe a.mmw . L°zic L , - poads -

" Bur3zano soezaANg

0°¢8 0°€8 T8 |- :8°w9

.

0°€8 .
S 15¢ Tsz Ts¢ 9€2 96T peads buriano Teion

08T - _ 08T 08T 08T - | oy wdx |- paads 10OL

~
TL | A L - - 9¢ 9¢ udx . |- . posds sostdiyaom

S*ON . ¥°ON _‘groN | . zrom . *T'ON -
Isar < | - © LsaL -ISAL IsaL |, TsAL’ | SHALAWYIYd ONILIOD

» )

'SISAL JO SATYIAS ANODAS HTHIL ZHaQMQMOUmm ANV JdLOdTISHYd SHdALIAWTIVd UZHEBDUu“ ‘

»

-

€°9 TIdVL

- ..
B S e S e At oy e i s A e N P s = e Snnan b D

o -




P

0*e

0°Z

-3

y3dep pautysew

8°0S

N

(44
8°0G °

Z2°E0T

° 8°0S

o 82 -

0°¥c

0°s¢

! ”ooocm

Tamod

6" 0¢

6°LT

T°9¢

A A4

yoo3spesay TOOL

0°¢T

06

@JHH

4

0°2T

xoMOd

6°8

L9

[

6°8

NOo03sSpeay YIoM

005°€_.

000°€

00z'y

00%’'F

20103 pas4d

95G°9T

EEE’ET

)

£99'81

966" 6T

&

LSHL

°y §°ON
i .oHMmﬂ.H..

- m.oz
LSHL - .

.

Z°ON
LSAL

_T70N
.H.MW.H. -

.

SHALAWYIVA ONILLAD

SISENJO SITHAS ANODAS AHL NI QEQYODTY UNV QAL

J

£ 2

DATASAY - SIALIWYEYA ONILLIND

e €79 TTHVL

(panhuT3U0D)

~
P




'000°S Goo’s 000’S q1 - ]
T soxo3y bHutdureld
- /oze’ee oze‘eze ., oezire - N X
oz : o€z T 0ET 1sd )
- — , aanssaxd jueT00D
08G6'T ° 0881 . 08S'T edy n
“ 88T 1 ' et 88T wdb n
5 = « ' MOTF 3UeTO00D
Gs8 “. .g¢8 6S8 ugu/T | )
ZTT0°0 mwﬁoao.mymmoo.o 8600°0 - €L00°0| ~¥900°0 adr - roﬂu
g y ’ i N . =-nyoaax xad p9os
0TE"0 I eTLer0 - 8¥Z°0 8¥2°0 - 981" 0 . Z9T°0 A9/ umt o8 posd

. sz -7 0°€ ©3 0°¢ 0°C ©3 6°1 wdt ,

S = : — — 930X PO
'§"€9 2°9L-8°0G .- 8°06-1°8¢ . ¥9°0y | uTw/uu s
.§zTT o : 6 zee L4 4 AN o T.bteLz [ wdg poads

i : , o i bu no 8Loeian
8,9 - - gL 8" L9 utw/u #? HMS..
— G o= o & -
S0T : S0C 502 wdx poads Hur3aano [oox
0¥t RN ¢ ovT | wdx v peads Toor

. G9 ¢; .. g9 T g9 . wdx- Umwmm,momwmxuoz

O\ , ” i
6" ON o 8° ON L*ON - 9°ON
. 2 . - JLIAWNIV ONILLAD
«LSHL LSHL . &SHAL Sy < Py -

<gpSLsIL 20 SATYIS ANODIS FHI. NI QIGYOOTI GNV QILOITASIEA

-

o °

€79 TIAVL

M

©

SYILIWYNVA (ONILIAD -

° ¢

(penut3UOD)




2

d D >
oV, 0°€ ’ T 0°% 0°8Z2 "} ur - .
* t yidsp pautyoeR
. 9°TOT ~ A VAR 0°LZT - TTTTWL | um -7
0°8¢e” 0°Zp-0"T€ © 0 TE-0"VT 08z |, ad . zomod
- . . - N Do3spes o
£°82 - eTE-TUge T€2-6°LT 6'0z |, My A>oaspESH To0d
l- ﬂ - <. o . -« . "
0°LT 0°02-0"ST | 0°§T-0°ZT 0°2T am- | . zomod
- - - - ) 10
Lozt . 6PI-ZTTT 6°8 p .68 e A2G3SPRESH ATOoM
00€’S 000'9-009 . | 009‘p-008‘E 00$’¢ qr - -
. —= . _ - 80103 pood
9651 €T L99°9Z-p¥¥'0Z  |vv¥’‘0Z-688° 9T 955/ 6T N : .
6°0ON .8°ON LTON . = 9° ON -
LSAL ISEL Isaxz = . Isax |~ By SHALAWVEYd ONILLNO

SLSAL 40 STIYAS ANODAS HHI NI AEIAHODTY dny daLoATASTId SYALIWVIVd ONILL

0 b

€°9 TIgVL

S

’ AmwzcﬂucooY




i
£
g
i
.?
f
;
k

FR "1 ) . /. I ”
L. o -
before e results of the daMping contrel bec?me evident. -The

' oo
- chatter was significantly cut-.down although wot comp}etely
- ‘ . ~ » - . " e -
eliminated.  This result¥®¢ in an extended tool life.

\ . ) X - L :
. Fimally, a hole of re#senable length was machined in

o -

R " rest Noq~6,fsh9wn in- the center of Fig. 6.47' .
e B v ] e . [

Y . . .
@ “«The hole machined in Tégi Ne. 6 proVed to have a good.

v " 'gurface finish and no run-outs. Tt was ogpd to be accurate

° "

. 9 - » :
within the prescr%heg:gdlerance.. The chips formed in this
. ? | T

test, were slightl ‘lofider,’ but sha ed.conveniently and removed
: ghtly g P :

* .succesgfully. A samplé’of the ch%ié formed in .the test are
. - .~ shown in Fig. 6.5. > ' ST 5 il
. : , ’ - ‘. E # . ' ‘h )

(Y Ve ! ’

. L achleve good &hlp ﬁormatlon, }pe cuttlng“speeds and feeds were

' sllghtly varied, whi&h is evldent from Table E}A.

s : ) ¥
- ' ! . L] ° [} ’ y M *
The results of this series of tests can be summarized
- - ) 3 ’ N ) :
. as follows:- )
L3 - ¢ " X ¢ N
\ . . B

(l) All nine tests, regardless.of the amount of chatter

' ﬁ“. \ % y pfesent and Lthe length of the hole mac:hlned, produced
L '.‘ . holes\hccurate in dlze within the prescribed telegi
) ‘?nce; u - o : i .
- ; .’a\' . (2) The feﬁﬁs could gi'incneased up tq 60 percent. for, the
¥ ~2 "+ " head of tﬁo}cutters(jmd up, to 16q pegjéént %or Ehe
r f‘ . . head of the three cutters écmpared to a sin e-édge
£ - ' fféganning head. ‘ b .

: W * . »
.




]

FIG. 6.5 CHIP SAMPLE FROM TEST NO.‘§
, ') .




(3) The surface finish of holes machined during all the

tests was ;bod.
(4) Both the new head of the two cutteré and the mOdlfled\~ﬁ
head of the three cutters were properly supported by J/% S
the _wear pads whlch is ev1dent from the\carbon dep051ts
accdmulated on the leadlngkand trégiing wear pad.
Fig. 6.6 clearly shows this deposit of carbon on the
wear pads of the head with the two cutters. It
seems that the leading wear pad has a little more
carbon~deposited on it,_whicb means that this wear

¢
pad was taking.more load than the trailing one, which
primarily, S the.objective.: A similar deposit'qf
carbon was f d on the weﬁr pads of the head with
the three cutters. Because of a fewer number of

trials’attempted with this head, the amount of carbon ‘

r

deposit was much less.

(5) The pole‘size cg;trol was performed, as predicted by
the cutting edge located opposite to the wear padsf
This cutter has a carbon deposxk behind its c1rcle

land while the other cutters have no such carbon
deposmts This is evident from Fig. 6.7, which shows
the two standard lnserts photographed after Test No. 6

1

had been completed. 1Insert 'l4' was located opposite

B

‘the wear pads and was asiigned to the hole size

. ]

control, while the circle land of insert '24' was

N
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grognd inwards for a clearance of 0.1 mm‘(0[004 in).

The same was observed on the tool with thecthree

-
cutters. The photograph taken after Test No 8 had

been completed is shown in Flg. 6.8. It reveals a -
trace of carbon at the edge of the c1rcle land of the
1nsert '1C' which was aSSLgned to control the hole
size whlle no carbon deposrt on the other two inserts”
'2C' and '30', was found. The inserts were ground
. inwards for the same clearance. This proves that-the
principle of hole size control; so important in single—'
edge tools, can be ‘maintained in multl—edge tools
only if the cutter located opposlte the wear pads is
grouhg accurately to the hole size; the other
“cutters shbuld hevéround inwards for a certain clear-
~ance. This principle is essential in deep-hole
xmachining and was pointed out in the basic concept of

. multi-edge BTA tools set in the Introduction.

t

AN

(6) The readings of the power and feed force, given in

-u.‘\_‘

Table 6.3, reveal that the cutting torques ahd; hence,
the tangential'force componehts, calculated by the
computer and measured on the machine \during the test%n
agree within fige percent. Hoﬁe&er, the feed forces
measured on the boring bar seem to be in disagfeement
with those calculated by the computer. The

N\

difference in some cases, is as large as 20 pe

fgm

cent. TheareSults are not considered too ‘re iabl% )

v oa




' since the meéasuring devices.set on such machiags .

o le o
are not very precise instruments.

. \
3

:

\

) 4 \
’ .

(7) The aspect of fhe‘cooiant flow was also‘considered as
- * .

possible cause of the tool's premature deteriora-

§

-

tion. It was. found, however, that/the coolant velocity

at the chipmouths of the ‘tool, is between 8 to 10 times '

N ™ [ - . ,
- larger than the cutting  speed, which‘should be sufficient - 3

for flushing the chips, sincve it conformed to the N

recommendations.

‘ '

(8) Chip4removal was successful throughout the test§ and

the chip form optimal. It is uncertain, however,
\ .

* whether this would haye been the case if the chatter .
. had not been present. Nevertheless, grinding of thel .
‘chipfbreakers, as a function of the effective cuttihg
depth\ per, cutting edgé, proved to result in a much

betfq; chip: T and uniform chip lengths.
" .
(9) The tests\;ould have been more successf%zaiélthey

had not been conducted under pressing production ‘.

-

conditions.and strict 'no scrap allowed' restrictions.

Five workpieces were used in nine tests, and none

J

was scrapped. \Hoﬁever, they had to be finished by a

- f

. conventional single-edge trepanning tool.

o

. .
N e st e et Y
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CHAPTER VIT' % = |

v ' \ SUMMZRX CONCLUSIONS AND RECOMMENDATIONS FOR
‘ FUTURE WORK

N, S
7.1_‘SUMMARY2 '

. .
i 4

", ' In thls thesxs, a new ‘design concept and analysls of (”\

mult;:idge BTA deep-hole machining tools are glven. The

main feature of the design is that the cuttlng head consists
. ‘of multi-cutting edges unsymmetr%cally located with,k%spec?
to the roeational axis on the .cutting head. This prov%des a
mea&e-of ﬁaxihizing the metal removal rate per revolution
and ﬁéhce the productivity without sacrificing those a&vantages.\

provided by single-edge cutting tools. -

2

, ) . To‘investigaﬁe these objectives the following analyti-

‘cal and experimental work has been carried out.
1o '

\

-

7.1.1 Mathematical Model of the CuttiggXTool

\ b

- A mathemat1ca1 model descrlblng the three cuttlng

-

force components -~ tangential, radlal End feed - as well as

-

the cuttlng torque has'been developed in terms of certain

<

fundamental cutting parameters an properties of the work- .’

piece material.
. .0
The modei'represents a generalized form which is ébpiic-*
’ _ able to all 'types of deep~hole machining tools. In particulaf,

the model is suitable for solid boring, trepanning and counter-

i




- " boring cutting operations. It is based on empirical‘testiné

. “results }n‘conjunction with a consideration.of cuting mechanics.
: ' , ' ' I )

; In this approach, the cutting operation is basically an orthogo-
nal model with two_yajor cutting force components - the tangen-

tlal and the thrust force. The latter was resolved into.radial

»h

and’feed components to\Torm\a rotating right-hand tried with

) respect to the cutting edge. For a given number of cutting .

i

® edges and feed rate, .the equations of the cutting-force compon—

ents are written as a function of width of cut and angular loc-

)

ation of cutting edge.

\ To verify the valfdity of this model, the cutting

forces were evaluated again based on six established shear-
. 1 ) S
angle. theories and compared with the calculated values from

»

T the developed modelw The results were Qithin the ‘'range
o

-\\predicted by theo .and compared particularly well with the

- i

Oxley Shear-angle theory. .~}

7.1.2 Optimization and Désign Strategy ) "

Based on the matﬁematical model developed for the
cuttlng forces, an objective function for the design of the
cuttlng head was formulated. The design strategy of the
optimization procedure is to minimize the variation of éhe

cutting edée pressure of the tool cutters for a\predetermin-

ed wear-pad force necessary for tool self-guidance.
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“The objective function is of a multivariable non- -
/ .. © .

. S
linear form modified to an unconstrained type with bounded

\o \'__' % ‘.‘D\O. ,{

decision varlables. : .

\ - A\ numerlcal direct search technlque, accelerated in

»l
4 o

distance, has been used to minimize the objectlve functlon.'

1}

This procedure ensures, on the one h@nd a predetermlned T )

cuttlng force resultant necessary for the tool guldance, and B |

on the other hand., it mihlmlzes°the deferences in the cuttlng '
o] .o
force per unit w1dthuof the cuttlﬁg edge for all cutters dis-
2 . /
' , tr1bu¢ed on’the cuttlng head. A relatlvely fast computer

routiue has been:adapted to provide ‘optimal tool parameters
. ' which could be peed to design the cutting head prototyﬁes."The
' . q 4

’opt%pization routine alloys a large number ofulocil optima,

depending on the initial set of decisjion variables, which gives

a designer the opportunity of partially predetermining the
gpthneéise; of parametere. The designer has an opportunity to
» make minoxr cdrrectidhs.to the parameters to eliminate any incon-,
;venient shape of'eutting edges undectectable for the computer.

These correctipﬂ!’are carried out by a separate program.

Several minor changes have .been made to the standard -
4; routine of the direct search method. A major addition to

the exploratory routine has been iyplemented to make it work

when two or more angular variables become -11ocked’ together;

a chse which otherwise ends with failure of the optimization.
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The\ggfi:ter,program‘can optimize for' two to n cutt-

.ing edges. Thewprogram evaluates the number of cutting edges

’

based on:

. »~

(a) tool diameter and the iqwer and upper limits of the wihtﬁ-

»

\
4

" of-cut prescribed. by the designer,

the st:endth of the head and/or chip-coolant passages,
. .

N

(c) the machine tool and/of boring bar capacity.

M [y

'

The criteria for optimal value of the reﬁu}tant, trans-

mitted to the bore-wall have been established based on:

‘ . 4 -
(é% the upper limit that engsures a hydrodynamic {iibricating

action between the'supporting pads and the bore-wall,
and \
. \

the lower limit that ensures tool guidance and prevents

the separation of the supporting pads from the bore-wall.

\

The latter aspect has been investigated by consider-~
ing the cutting forces as random with Gaussian distribution.

Based on these assumptioné, exact expressions for the devi-
. \ ) AR
tions of the resultant force:in Both their magnitude and

direction have been derived. The results'show that as the

v
* \

force resultant decreases, these deviations increase, so that

7

the deviation in magnitude tends to infinity and the deviation

‘in direction approaches * 90 deg. This case may be identified

a

as 'indeterminate' as far as the force resultant.is concerned %

~




-
L}

3

and it must-be avoided \during the selection of the force re-
- * ) . e . ‘(ﬂ
. . [
sultant as-a basis for e optimization.

A

/

) Several tools hage been optimizqg of J»oth solid

+

boring and trepanning types. Computer printouts for three
heads were produced to illustrate'the:major advantages of-
]

the p;pceQure. These tools werxe then;detﬁil-designed'and two

‘of them actually manufactured for the experimental testing.’

v . . A
To cover the total range of multi-edge tools, the so-

called staggered muiti-edgé_tpols are also investigated in
. ‘ . '

this work. The means of analysis and opt;mization of these

;tbols have been developéd separately from the unsymmetricaf

" multi-edge solid boring and trepanning tools. -

Threée cutting heads with stdggered cutting edges, two

trepanning and one solid boring have been designed ising an AN

timization program for this type of tool. wa of the tools have
(been tested on the production line. The cutting torque and the
feed force measured during the %Esting were ‘in agreement with

those calculated by the computer program within five percent

or less.
N e

7.2 CONCLUSIONS .
. L] v ¢ .-

Based on the experimental results of this investiga-

‘tion, the following conclusions can be drawn:’

-

-
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A r

ggﬁmercially available standard trepanning inserts'

have proven to be unacceptable for use in multi-edge

tools because of intolerable differences in the front

.

profile of the cutting edges. This has resulted in

a distorted cutting force system and an egratic force

" resultant which caused improper tool guidahcé and hole-

.
H

size control. : ’

k'

-An advantage of; the staggered multi-edge BTA tools over
Fingle-edge tools, can also be sought in the possibili-*
ty of combining carbide grades.of-the cutters in order

" to achieve higher feeds without sacrificing the tool

life. - s ’ e
\Q’\—. i
) .

In brder to assure proper' tool guidance and hole size

'conirol, the following conditions must be fulfilled:

o *

"(a) the cutting edges should be identically ground

in“the front profile, . .

s .

(b) the circle iand of the cutter located opposite
to the wear pads.should be ground to exact.hole
size, the circle lands of the other cutters

°

should be ground inwards for a p}edetermined small

clearance, FAN)

(c) °the.chip-prgaker-g;ooves should be ground as a
function of the effective cutting ¢ébth per dhtting

B edge.
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, . o ‘ |
. . By ensuring these conditions, all holes machined
i ‘ ‘ * A . . .\ ‘l‘
- W:aurihg the experimental part of this work were accurate
v .. : I A B
//// within<the:tolerance prescribed and have a good surface finish.

///’ ‘(4) ‘Tople‘witﬁ multi-cﬁttiagf;;;es‘are caéabie of deliver-
| . ing higter feed rates. The”headeith two cutters |
dellvered ﬁp to 60 per cent ‘and the head with ;ﬁree \ L.\P o
cutters dellvered up to 100 percent hlgher feed, .
3compared to‘those‘w1th 51pgle-edge cutting heada.l

Q

(5) The evident presence of 1ntolerab1e chatter seems to -

bE a majon/obstacle to -the successful performance of
?l

~ the‘tested toolé\ a general shortCOmlng assoc1ated

I

- :‘ Lo w1th thlé multl—edge tool seems ‘to be a tendency to
L *chatter, due to a 5e1f-exc1ted torSLOnal vibration of
N | . - the borlng bar. The standard boring bars, partiqylarly

' \ thln-walled, "seem to have ah\?fflc1ent tor51onal rlgld-

LN

ity. ngh torsional rlgldlty Bf borlng hars are

,egsentlal when multi-edge cutting heads are used.
<" ’ - s ‘L - ‘

;w . i In the“final cdhclusion, it should be pointed out )
. ' . that: the major objective of this thesis, i.e., the feasibi}ity
P - fof unsymmetrical\ﬁultﬁ-edge deeg;hole machining, has beég
| accemplished. An analytical means for the complex cutting

-

fo&ce system of a mult;4edge tool has been provided; an optimi-

- zatio%uprocedure based dn th;s'model QaS‘been fbrmulaaed;\and

, experimehtal évidence on the overall perforﬁaﬁ%e'of"the

]




Y

.

designéd tools and the other important aspects, such as tool

s

guidance,'hple-size control, hole straightness, chip *forma-
»»tion and tool stébility, has been furnished. ' The fact that
only the trepanning tools have been-experimented with_inYthis

v

work dbes‘not affect the generality of the model and the

+*

-

\ . ‘
‘{gasibility of the design method for other types of mu%ti—

. edge tools.

'

-

Since the implementation of the u?symﬁetrical‘multie
edgeltools would'requirg anqincrease i? thg direct tool cost,
.an economical assessment of such an Qmplementation shows, in’
an illustrative .way, that the machining cost per unit length
of a hole, using multi-edge cutting tools, is siﬁnificantly
xdecregsed. It can be concluded thereforg, tbat the proposéd
method should in fact, if adapted on production lines, ﬁot only ™.

"

increase .the productivity of the hole machining? but also

decrease the holé;production cost.

7.3 RECOMMENDATIONS FOR FUTURE WORK

~>

4 . . .
Although all the major. aspects of a multi-edge tool

with unsymmetric locations of the .cutters-have been dealt with,
' - - » . . -

theoretical and experimental results show that, further research

work is negﬁed before these tools are put into mass production.’

\

~

"'Theselgan be summarized as follows:

v
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(1) . Due to the level of tool instability IZ; chattering Ry ;

N
t

. . . 2 .
o - ‘bbserved during the experimental testing it is recommend-
.ed that a detajled dynamic analysis of the machine-tool-

i workplece system and its stability be carried out
iy « S
; in the future.] The condition where no chatter occurs ]
% o * . ~ ) ! n ‘,
! . . . . . . ¥
: ’ must be secured bY.lnvestlgatlngBthe torsional behaviour 4

- ' I3 g{

g ! . e [} '
g . of the boring bar.

4

(2) Due to high levels of stresses with multiéedgé cutting %
§ . ,:" tools compared to those with single-edge cutters, the
' - 3'optlmlzatlon program should be extended to select ¥
gf‘ ‘ ' . design' parameters that will provide a safe stress level
) within the cutting head. The stress analysié should

"also take lnto account, in addition to the cutting forces,

"the thérmal effects and frlct;onal fprces on the support— é

oot -~ ing pads. : e
f ’ ! ’ U ’ - * ' “
(3)7_ The chip ratio-chip thickness relationshib'should be of 2

investigated in order to establish an analyticali ex- 3
. pression for a fange of chip thicknesses, feasible in
:  application of deep;hole machining operations’. This

. , rélationship, coupled with Oxley's shear-angle rela-

f / tlonshlp, would constitute a base for the use of ‘a

" cuttlng mechanics' approach, in predictlng the cutt- ¥
| Jf ing forces 1n deep-hole machining. N - ﬁfj

4 e
L4 . *
- -

[
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A

~Since there€ is no provision‘in the optimization pro-
' )
gram for the-~location of wear pads, it may be possible

to implement. the restrictions on the wear pad locations

thrdugh the selection of a tog%;optimum out of many '

optima achieved by changing the initial set of
decision parameters. It may be possible té»m&ke
cOmputéf programs perform this sglectionh based*en
criteria set by the deéigner. In the present p¥

" it is the designer who makes this selection, by using his

own judgement; ) .
4t . ! /‘ N

The data obtained from empirical .testing were fully

investigated only for steel workpieces, while other
workpiece materials are not covered. Hence, more work
is required to determine such a data for aluminum, as.

9

well as for copper alloys.

ﬁurthef experimental work is needed, using solld borlng
heads. Some'addltlonal problems w1th this type of
tools are expected, partlcularly the cutting edge over-
load in the zone of ihe second!}y cutting edge. This
probfem may be overcome by grinding the cutting edge

. with a ~10 deg rake angle, instead of a ~30 deg and

making this portion of the cutting edge out of carbide

-

with higher toughness. ¢




]

~
A

In order'ﬁoagecure‘ideﬁtical front profiles of

» ~

cutters for multi-edge cuttiné tools at rélatively low.
cost, new grindiﬁg.methoas for these'types of tools .7,

s P .
Ly -

need t?/be developed.
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- ? APPENDIX I

< - 'BASIC ECONOMICAL ASSESSMENT -

. . - )
The purpose of this brief analybiseis not to give a

omplete economic analySLS of deep—hole machlnlng, o§>to
D

N R s , estlmate the productlvlty and economit eff1c1ency of deep-
s N
?' " . hole machlnlng relatlve to other machlng operatlons. These

e

'S o~ aspects have already been 1nvest1gated [46,47]. The e

) i . . s
.ﬁhg . o analySLS.preseptea.here inquires into the way 1n1wh1ch changes

i

- 'in sofmeé parameters- .infIuence deep~hole machining costs. The

-

. emphasis.is placed on, the tgol life and the feed rate.  An
{ . ) "asseésmeht of how these parameters affect the total cost of

L T ,‘ o the machlnlng 1.s po*:le from the cost per un:.t length of a.

Wt

AN A .‘; . A T R ” - ,
o : ,f To srmpllfy the problem,glt is assume that ali other

. . A ;
« . T hole, as 1t has’ been done 1n 'soil drllllng [66]. _\\\ N

Yo costs not lncluded in the analysxs are essentlally flxed, ald. )
I3 '-.‘ . ‘

1ﬁﬁependent of béth the feed rate and the tool 11fe. Under

. [ -

N S . these condltlons, the cost per unlt length, say in dollars v
Qg' R , per foot, is given by CL - \ . T
T - . oL L ‘ .

. , . ‘ : ” A \
. - a2 ‘ ‘
1 ) . no ( T +T) C + CT
- ° Cr, FT (AL.1)
[y ¢ “
. . where . vl ’

* . N v ) . \‘_1
,machine cost per unit'time
o . <t - . . .
pe @ o . { o . co - . o L
L . direct tool cost T R

B
1
3
.
»
I"! .
.t
©
r
<A
!-3
L_l
[}
~
-
t
b
v

cp [$1 » =




? . < F [LT—lj = feed rate B

) -~ .k
- 3 ‘ : - Py
; Tog PT] = tdol replacement time . A
T-[T] = tool life
' T
~” - ‘ . R

If the tool life is givei in terms of the length of

7 . T the hole machined between the grinds L, then . .
oy / '
v l ' /’/ ' .
R N L = FT y ~ (Al.2)
' . - S 5
Equation (Al,l) can be rearranged to give ) ,%'
K " c T .. + C./c ‘ . ;
. _ %M CH M, - ;
, . c;, = (1 + T ) (Al.3)
AN - ’ % I~

‘"where the term CT/CM is commonly called the relative direct
- tool cost [46] and expressed in .units of_machihe time; it

decreases with the /rising machine cost.

@

- . ) If ai&ondime sional tool life t is introduced as

t
i N t
a ° / : :
; - & - L Y
T E S
. oL L . Teg + Cp/oy N
y af* '

-

(Al.&)

. . -
N ' - ' A b

’ ‘ x\\ .
R théq ths cost per unit length given by (Al.3) can be rewritten
as -~ . .\\\ e o

i ‘ a1 '- C
. 9 . 7N . Lo
[ - AN c/L,= — 2+, ‘ (a1.5)
\ | , o \ , - s




To inquire £to the way in which changes in the feed

=« rate influence the cost per unit length, Equation (Al.5)

X . N , . . ;
' is differentiated with respect to the feed rate, keeping in

\'mind\that both the machine cost .cy-and the tool life t are

functions of the rate. The result is

t

e

3

AnL S

de . ///c
dF M 1 M 1 M dt -
4 == = 1+ - — (1 + 2) = — (Al.6)
; » dR RAR c R t° - R £24R )

: . ¢ "’ ' . N
3 } 081ng (Al 5) and rearranglng (Al.6) to relate the fractlonal

changes in each of the parameters of interest, it becomes

2 ~ -—/> ,

7

- - &

E dF _ _ _dr _ 1
F fM R ' t+

! s Equation .(Al.7) is convenieng-~for a gqualitative analysis

b ‘ A ‘
. * and assessment of qg; influence of fractional changes in the

t (A1.7)

d
1 ¢t
-

he cost per-unit length. It shows that

4

‘ major parameters on
[t .

) * the changes' in the machine cost ¢, and feed fete F change

i ~ - the cost per unit length by equal and possibly compensating

amounts. On the ocher hand, a similar fractional change in

-

tool life t, will always result in a smaller effect. .The

add::}enal mu¥tiplier 1/(1 + t) is responsible for that. In

fact, only if t apprbaches zero with a given fractional

change in the tool life w111 it result in an eqqal change in

N
kT ) the cost per unlt)ength. =
' | < i
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This case, however, is 5§L;kely to occur ,in practidé.'
It should be noted that a tool which is very expensive relative
to the machine cost per unit time could result in a small

value of t for soﬁé@hat moderate tooi—rep}aceﬂent time. §

\ SR i

To provide the means for a quantitative‘éhalysis, v
equation (Al.7) can be integrated directly from an initial

set of parameters denoted by a subsqript '0' to a final set

of parameters indicated by no subscript, resulting in ' ]

A

{ 3

CMO
M

+ +
=

A
1
g' o

(o]

C ) ' v
E—L- = ¢ (A1.8).
LQ_ ~

e

: i
- s”“)‘ M

where parameter ¢ is a nondimensional 'cost-rate factor' which
" :
also could be obtained directly, if equation’'(Al.5) written

for the final conditions, was divided by the'sgme equation

A it Aeb alibaldnsd t

ﬁritten for the initial conditions.
~ ' -

Several special cases can be derived from equation (Al.8).

A T ey B

™ i
As a first example, the cost break-even occurs when the cost

T «
per unit length remains constant. 1In this case CL/CLo =1
N\

, ! and’¢ becomes ' ‘., '}!

ZO
I"lzl

E

! : (A1.9)
. N 1 bc

LSRN v“,‘

0

<0
.

M

IO i 33 M1 e i < Bt
3 2

‘.

" which shows that for the constant cost per unit lenéth, doubl-

ing of the machine %ost, for example, requires twice the

ot ey o e
-~
N

\ - higher feed rate. For many sithations, the imprévement in y
\ . 1}




o Rt S

»

machine cost, thus CMQ/CM

o

/

4 . . )
economic relation between

!

It is of particular

)]

¢M c

1 and ¢

<

is

_ . deep~hole machining has little or no influence on the-~total

(A1.10) <

!

interest to examine the direct !

the feed rate and the tool life.

In fact, this aspect has prompted the present analysis.

N

- feed rate Fq

Here, ¢ becomes a comblnatlon of the above two cases, i.e.,

both the costxger unit %ength "and the machlne cost are tagken

as constant, which gntes

(Al.11)

Any of these cases can be examined by using equation

(Al.8) but,

—~

a

as it has been stated, the direct relation be-

tween the feed rate and the tool life is of a particular

interest.

The analysms can be best tested through an example, .

ConSLder a trepannlng 51tuatlon with the following operating

y
parameters: Machine cost cMo = $40 per hour,-direct tool
st CT = $40, calculated on the basis of $2, qoo - cost per

and tool life T,

A A i i a o R
.

= 60 min.

A .
e DK L srlirnkis o b s ant )

otk el o 1A

\

= 1 in/min, tool replacement time T

M

he a, $36 cost per insert and 500 inserts per hedd life;

CH

R I SRS

.

= 5 mln;,I

R i v

B o B AT M8 S




o

LS i

[

. Suppose the set of parameters is for a single-edge tool.
’If it is replaced by a new éét for a tree-edge trepanning
téol which allows a'feed rate of F = 2 in/min, and-requires
a higher direct tool cost of 15 percent per each additional
cutting edge, wetcén examine the economic feasibility of
such ag implementation’ under the condition‘Fhat the tool life
and the tool-replacement time remain the same.

P . ‘
The cost per unit'léngth for the single-edge tool cal- '
culated from (Al.l) is cLo = $16.67 per foot, and the non-
dinlensional tool life from (Al.4) to = 0.923. The nondimen-

sional tool life for the three-edge tool is t = 0.723.

For the cost break-even situation from (Al.9) we get

' Cy /cMo= 0.572, which shows that this implementation would

allow 75 per cent increase in the machine cost or an addition-

al cost of $30 per hour on top /of the present cost of $40 per

" If the machine cost, hdwever, -remains unchanged, which

practically means that the sam machining facilities are to

. be used, then ¢, (¢, = 1 and from (AL.10) it follows that

cp = 0.572 ¢, ~or 42.8 per cent decrease in the cost per unit

length, hence, $9.53 per foot instead of $16.67 per foot.

&
From the direct relgtion\between the f@ed rate and tool
life given by (Al.li), the nondimensional tool life is

t = 0.3243t9, Whiih shows that it could be decreased by a’’

.
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_ factor of 3:64. Since it already was decreased by a factor

«
of 0.783 due to the increase in the direct tool cost, it
* . . N\

* . 4
results in a net factor .of 0.414 reduction in tool life, which

e

can be accepted with no increase in cost per:jnit length. °
™

On the other hand, suppose we .somehow double the tool

N ot e 3,

life without increasing its direct tool cost and suppose 311
<

other operating parameters are not changed,.then t = 1.846.

e o D

The cost break-even situation from (Al.9) yields
(cMoF/cMFO) = O.Tﬁ, which for the same machine cost 3

(cMo/cM) = 1 gives F = 0.74, FO, requiring the new feed rate
. 4

to be within 74 per cent of the originél value. If machining

is to be at the same feed rate then Cy = 1.35 M shows that

‘the machine cost could be increased by 35 per cent only.

/

If, however, the machine cost and feed rate are kept the

same, then the cdst‘per unit length will be ¢, = 0.74, c, .

L Lo
?his makes the cost per unigilgngth $12.34 per foot, instead

e e ;r.,;Z"-w S T AR gt oo AT < -

of the initial value of $16.67 per foot.

It is evident, from the example, that in terms of

deep-hole machining economics, the feed rate is substantially

- '

more important than the tool life. If both the tool 1life

’ahd the feed rate are increased by the same factor, the cost '/
. , ! .

'per unit length will decrease faster by the increase in the

feed rate than it will decrease by theaincreasé in the tocl




AY

deep-hole machining should be directed toward method§iqhiéh

. 3
allow 1nc%eased feed rates.
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.,  APPENDIX II .o

CUTTING FORCE EVALUATION FROM VARIOUS
jSHEAR ANGLE RELATIONS

»

o
- In addition to Stabler s shear-angle relatlonshlp,
*‘given by (2.4), other most characteristic relatlons selected

for -cutting force compytation are as follows.

Lee and Shaffer'q shear-angle relationship

| \ |
¢ % 45 - (T - a) . . (Aa2.1)-
. Ernest and Merchantls shear-angle relationship based
~ N )
on the principle of minimum energy

¢ =45 - % (1 - @)~ N (A2.2)

Merchant's shear angle,relationship‘basedlon a'sESghtly

modified model v

\
\

20 =c - (T - a) . (A2.3)
Ny ‘ ) ' . >
where A : ' ' - _
-] \
¢ = cot (K) )
K = material constant

Weisz's sﬂear7ang1e relationship
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i

) 5 \, ¢ =54.7 - (T - a) (A2.4)

| Kronenberg's shear-angle relationship

. ¢ . N

¢ = 45 + g- - (0.75 + 0.045a)7 (A2.5)

L G

.3

-

At A

Oxley's shear-angle relationship (approximation)

¢ =50 - 0.8(t - a)  (B2.6)

N\
These relations can be used to determine the shear angle

provided the rake angle and the shear angle are-known. The

rake angle is known from the tool geametry and it represents
the normél or true rake. The shear angle should be known
from an experimental data. This seems to be an indirect way

of solving the problem. To solve it directly, .it seems
/

necessary to find the chip ratio by measﬁring the cutting ' .
N\

speed (v) and the chlp ve1001ty (\\7 and computing their ratio

T r, = —£ ‘ (a2.7)

— P

e

/ ' -
Once the chip ratio is kngwn, the shear angle ¢ can be

. ‘! 3
‘)
LY

s | determined frdq (2.3). Wlth the shear angle known, any of the
| shear-angle relatlons can be.used to determine the frlctlon

' angle T. With these fundamental variables known, the cutting .
forqe components can be computed~fr;; (2.7) to (2.11). This

\
means that the values of the cutting force components computed

/
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'from the different shearcangle relations will differ from
each other. ~é5 estimate which values are likely to be the
most realistic, it seeﬁs to be best to compute the force
components ffom all the preselected shear—angle‘;elations

and compare the values with the experimental data available.

kh '
Before this computation is undertaken, we shall recall

the fact that the chip ratio 'is greatly affected by the chip
N -

cross—-sectional afea, cutting speed and cutting fluid used.
This means thAt if the equations (2.7) to (2.11l) should hold
for any cﬁip cross—-sectional area and the cutting speéds and
fluids common to deep-hole machining, experimental data is
needed. Since such data is not availablg at the present time,
it\ddes not seem feasible to use this approach for cutting
force prediction in deep-hole machining. Nevertheless, data
for turning.can be utilized for the purpose of assessihg the
order of magnitudes énd the trends of the cutting force.cop—
ponents resulting froé the preselected shear—ang;e‘relations.

Such data is taken from reference [22] for the turning

of steel, similar to that of SAE 1035, with 10 deg rake angle

carbide 'tool at the cutting speed of 110 m/min. The data

is plotted on log-log grid shown in Fig. A2.1. The straight

line fit permits a %imple analYtical relation to be establish-

ed | '

L = 0.53 gV (22.8)

r

3

H
'

na \Ayﬁsnm\ﬂ.aj‘i“ﬂ o~

P 1Y ;«"4&&59:.&8‘:&1&%””" -t R

St o AR a e o

.
2 e P T

S TN o DR

dr v ey o
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Equations (2.l1) and {(2.2) can be rewritten in the foxm

of equation (2.12) as follows:

4

(A2.9)

(A2..10)

eccordiﬁ%/to equation (2.6), given by

\

~

S¢_csco ces(r-q) \
KP T 1T - K tan(¢+1-a) cos(¢+1-d) . (A2.11)

>

=" | S cscd sin (T~a) :
¥q = TT =K tan(¢+1-a) cos(¢+t-a) (A2.12)

Trends of change of the unit cutting forcee can be
best assessed from the normalized unit, cutting forces
K,(S)/K,(0.1) and K_(S)/K (0.1). Normalizing is done with
respect to the unit cutting force at.s = 0.1 mm since the°
depths of cut in deep-hole machlnlng are llkely to be in v
the vicinity of this value. A 31mple computer program was used 5
to compute these normalized unit cutting forces over a range -
of 0.05 to 1.0 mm which plots are glven in the dlagram in
Fig. A2.1. Full lines show the tangentlal forces agd dashed
lines the.thrust forces. The lines evaluated from the ’
empirical erpressions witﬁ/Y = 0.8 for the tanéentiél and
Y = 0.65 for the trust force are drawn heavier. All lines-

~

are almost srraight and the trends from an empiric 1 approach

-~

T R b A kR bR A L AR, R s bR et e
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seem to be in good agreement with those resulting from the

L 4

* _ . mechanics of cutting. These values are for a tool with 10 deg
\ o R -
- rake"angle. 'Using a rake angle - chip ratio reiationéhip [22]

it was possible to estiﬁate a corresponding steeper but rather

»

hypothetical line for 0 deg. rake angle

- 0.15
. rt - 0053 S

(A2.13)

- e

‘ The gesults obtained in Ehe idéntiéal way, such as
those for a 10 deg rake angle, .are plotted in ﬁhe diqgfam
shown in Fig.\AZ.Z. As,it may be seen; the lines diverge
faster hbut the?trends‘rémain mo?e or less the saﬁe. It.should
be noted that similar diagrams were not attempted for a 30
deg. negétive rake angle, which is used in the inner zone of
the solid boring cutter. This was not possible becaubg of
a lack of ‘sufficient data. Fo; this small zone, however, the
| multipliers Cp |
tbat ;he’chip ratio is the same as that in the 0 dég.rake~

and Cq were evaluated under the assumption .

. "

angle tool.

N
o s

The three cuttiné forcé components are computed for -
two solid boring heads. The results for a tool of 50 mm
:diametef cutting in a steel similar to SAE 9255 at a feed of
0.14 mm per rev. are diven in Tagig A2.,1. The results for

the other tool, of 35 mm diameter cutting in the same material

1

"at a feed of 0.16 mm per rey. are tabulatel~in Table A2.2. .

L}
b
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) g Since'the tool: geometry was available for both tools, it was. .

'‘possible to-compute the cutting forde components -and compare

. SN ; _ ,
them with the experimental results reported .[1,70]. ,
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APPENDIX III

VARIATIONS IN MAGNITUDE AND DIRECTION OF THE
CUTTING' FORCE RESULTANT




APPENDIX IIIX

VARIATIONS , IN MAGNITUDE AND DIRECTION OF THE .
B : CUTTING FORCE RESULTANT .’ '

The\supporting reaction R, is given by equation (3.9).
An identical equation would have resulted from (4.23) if the

idertia terms had been neglected. Since Ry and R are’ identi~-

a

cal in magnitude it follows that

.

R? =

I
Pl

~
-+
b2}

»

- : 2
cos¢i FTi 51q?i)
; : 2
L 51n¢i + FTi cos¢i) (a3.1)
i=1 T .
N .
where i = l,2,..f,n, and the gubscript i denotes the order

of cutting edges cotnted from a positive x-axis-in counter-

‘clockwise direction.

In this analysis, the individual cutting fdrces entering
N\ .

., #®

. assumed to be sulilg_functions‘oﬁ}a stechastic stationary pro-

N

cess, with possibly a Gaussian distribution. Equation (A3.1)

is then valid provided that R"FRi and FTi aré.téken to.repre-

sent the mean value of the respective variables. The upper

limit of the cutting force resultant squared, may be wfittenl

P b

as . . ‘ ¢

/

[N 4 . R . . -

JRo— ' N N 3 - st - s ekt it S Lt S a3t
, ; v
L« \ y ';‘W" - o U N
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where the symbol

These deviatiens

on the .actual behaviour of the particqlar vafi&bl%7

n

Ti=1

n
+ [ Z (F
i=1

!EF‘: v 928
.

N

&

. , i . \
[ & (FRi+A?Ri)cos?i (FTi+AFTi)SLn¢i]

. 2
Ri+AFRi)81n¢i + (FTi+AFTi)cos¢i] )

(A3.2)

A designates the deviation from the mean.

may be both positive or negative> depending -

o

’

Subtracting (A3.i)'%ran~(A3.2).yields

A ‘

(3 g

by
i

. ~Using the identity A? - B? = (A+B)(R-B)'equ§tioﬂ (A3.3) A

2RAR + (AR)?

1=

can be rewritten as vt

L.

~

1

F

. n .
[.z (FRi+AF

Ri

sincpi + F

,,,- . : N ’2
Ri)co§¢i (F$i+AFTi)s}th]

Ti

N

- . ] " 2'
(FR£+AFRilsLn¢i f (FTi+AFTi)cos¢i]

/

Tl . , : 2«
. cos¢r FTi sln¢ix

cos¢i)2 ‘:; (A3.3)

[N
N

.

n

-




N & | . \)

. n
2RAR + (AR)?2 = [ I
- ©oi=1 »

» ) ‘ ‘.f o ) n .
' * (L AF_. cosp, - A

) sing.)
- i=1 R 3

Fopi

] Q n -
- +‘ [ ’ -
. i=1

0. I
. ’ n

* .
(Zz AFRi.Sln¢i + AFTi cos¢i)

, i=1
- o . - T
\ < '

Using the identity

-
1

>

. 2Ai + aifi'j23i+bi) .

[ g M=

i

5

équation (A3.4) can. be rearranged as follows:

n - ’ ~ T
2 _ - .
2RAR + (AR) (iil DFp; COS$; = 8Fps sxn¢i$

n v
- : * (I AP,

cos¢f - AF
. , ' i=1 " *

ri Sind;

n
vt 2 F

n
4+ (I AF_. sing, + AF., cos¢i5*

Ri'c°s¢i - FTi 31n¢i)

‘

- . n‘ -

! / * (I AFp,; sing; + AFg,; cos¢,
- \ = .

pi COS¢;)

n
T 1 L . \ \ .

i=]1

(ZFRi+AFRi)COS¢i - (2F +AF,,

[}

[N}
[l e B =]
-]
1+
o)

+
T o I ]
m

226

i)Sin¢i]

¢

(ZFRi+AFRi)sm¢i + (2FTi+AFTi)31n¢i] _

(A3.4)

(A3.5)




Equation (A3.5)‘ reduces to ‘ N

i

. .
2RAR + (:R) = ARx(ARx+2Rx) + ARy(ARy+2l,ly) (A3.6)

where Rx apd Ry are defined by (A%fl) and ARx ‘and Agy
represent the deviation from the mead in the two Cartesian

components of the cutting force resultant and are given by

\
' '
1

n . .
ARx = iil(AFRi cos¢i - AFTi smrt¢i) - | (a3.7)
n 4
- AR.Y = iil(AFRi s1n¢i + AFTi cos¢i) (A3.8)
J

Phe quantity ARX represents the deviation from the mean

e

of the cutting force resultant along the x-ax:.g.. In practlce,
niéasurements\of the cutting forces are commonly specified in
terms of the maximum and minimum values encountered in a given
tl.me interval.® It appears reasonable to assume that in such

measurements, the two extreme values are the 30 values which

for a Gaussian distribution of the peak heifhts encompasses

99&73' percent of all possible instantaneous values likely to

. occur w1th1n the measu:;gment of interest. In this contest,

%hen, ARx beeomes anonymous with a multiple of the standard
deviations of the cutting force component along the x-axis

and we cah,in genei‘al,assume j:hat the same confidence level »
applies to the measurements of the forces associated with each
cu't.{:ing \edge. Equation (A3.7) give; the relationship for 3¢

of tl?e force resultant, in terms of the 30 values of the forces
AN 9 \ . *

-

A




»

—

at the contributing cutting edges. Obviously, this relation-
ship holds for one standard deviation and since the variables

appearing in (A3.7) are uncorrelated and normal, the variance'

-

may be written as

n . )
2 - : 2 2 N 2adn?
(ARx) = izl (AFRi) cos ¢i + (AFTi) sin ¢i - (A3.9)
2 2 2 2 2 2 N
(ARyz = iil (AFRi) sin ¢i + (A?Ti) cos ¢i (A3.10})

(To find the deviation of the resultant force AR, the quadratic
(.

equétion (A3.6) is solved by an iteration of the correspond-

’

~ing difference equation

v

* - S
L : - {BR)F 4 (AR P - (AR) _
AR = £ (R, AR, +4R AR,) + R (A3.11)

Equation (A.11) can be further simplified 'to fit the

special rotated coordinate system'seiected in the optimization

ed force resultant points horizontally to the left (A=0).

‘\\ Consequently 3¥ =0, R, =R and equation (A3.1ll) reduce§ to

.~ (AR )2 - (AR )* - (AR)?
* = x X . C
AR ARx + ZRX -

(A3.12)

Stdarting with AR

0 the iteration is repeated until
the difference between the two last approximationq'is less than

a prescribed amount. Equation (A3.12) has been found to

R 4

Y ' ‘procedure. Namely, the system is selected so that a predeéermin—

B i A At S
.




digital computer techniques. - <

. . 4

3 [y

» . { s "
converge rapidly agd furthermore, it can be readily solved by
g ‘ !

:

»

E

A graphlcal representatlon of equat:.on (A3 12) is

deplcted 1n 'Fig. A3.l and the correspondlng graph:.cal solution

l

for AR is

]
=

]
]

AR (A3.13)

-

‘For an assessment of the tooll-gquidance and stability,
besides the deviation from the mean magnitude of the cutting

¥
force resultant, it is equally important to know.the deviation

/

from the mean direction of the cutting force resultant. This

can be accamplished from Fig. A3.1 as follows *

1

AR ) c
1 . - -1 o
| AN tan (——LRx—.ARx) ‘ (a3. 14‘)

.3 .

Since A = 0 has been selected in the optimiﬁation pro-

—
+

cedure, it follows that the direction of the cutting force
resultant is defined by a normal random variable A with zero -

mean.
. S o\ '
Since the system is linear and Rx and Ry have been

.

.assumed to be Gaussian, .it follows that R and A are both

normally distributed.
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s ‘FIG..-A3'.1 GRAPHICAL REPRESENTATION OF DEVIATIONS
QF THE CUTTING FORCE &ESULTANT R . Q
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" LISTING OF COMPUTER PROGRAMS, DATA SHEETS -
' AND PRINTOUES OF TYPICAL RESULTS

o
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“PROGPAH HEQQO (INPUL.OUT°UT FLE 602INPUT, TAPE 61=0UTPUT1
. \ . s t '

.o N

PATTERN SEARCH FOR HULTIV!QI‘RL:S

CRLLING PROGRAM RENUFIEHENTS , S
NUMRER OF TNOZPINOENT thIAqLEs (MAXTHUM 10)
» NUpRED of CUTTING. ENGES ’ .
CONYERGENCE 4ONITOR , . L .
NP=Q WILL WOt PRINT : - : e
#1 - WILL PPINT EVERY ITEZRUATION . :
. =2  WILL PPINT EVERY SECOND ITERATION Lo o
"DELTA  CURRENT STESP 5722 ) 2 .
F ** MINIMUM STEP S1ZZ . ’ S Lty
XL LOWER S0UND GF SZARCY NIMATIN
2R, HIGHER BGUND OF SEARCH DOMAIN e
X. ' CUFRENT 3ASE POIMT | '
XX BASE SOINT RESULTING FRIM CURRENT MOVE
XXX PREVIOUS 9ASE POINT
w | FUNCTIONAL VALUE A 3ASE °or~r
YY FUNCTIONAL VALU LTING FROM CURQENT SET
YYY' ©  FUNCTIONAL VaLue” 9=SULTING FROM CURRENT MOVE
'OF EXPLORATORY MOVES 0P PATTERN MOVE
» ROW . PEDUCTION FACTOR FOR STZIP s;z= LESS rua~»1
NN ". NUMBER OF ITERATIONS :

4
=

a

zZ
h- R3]

s

s
Q

DIMENSIGN X(S).XX(G).XYX(S).*l(S)LXQ(G).S(S).B(S).FR(S).
IFTE51,FF(5)4T0(5) 47 (5) )

COMRON- NC,0,3,N,P1,P2,P12, Pzz.cai.uaz.cas.crx.crz.cws.cri.
ICFZ'CF’.PS.Kwi'KHZvT-DELTA-YivY&oix.RYoRZoRTQ'FprToFEoTQ
3 FORMAT (4I5) -

", 5  FORMAT (6FL0.5}) »

READ 3, NCsNJNP,NR ) . L e

\" READ 54N, Pio’?o’inPZ?oCQt' R242R3IsCTLCT24CTI +CFLCF2,4CF3,

/RO"'UELTAQ(X(I’vI=1 N)Q‘G(I)'I‘iv“")'QSQKWIvKHZvT FePy
. CALL PATN (NyNC,RB/NR,NN,NO,DE.TA, F,xL.xq.v.x,aou,n)
. CALL MERIT(X, M)
S WRITE (61,10) X(1),Y . ~
CALL STATS (FIQXvPvQ’ “ ~ - .
© . WRITE (61,6) RX
HRITE (6147) PY
WRITE (61,8) RZ' . .
WRITE (61,93 RTY - ’ v
WRITE . (614129 (FA(T) +I21,MC) .
WRITE (6141%) (FT(I) 4I21,NC) .
WHRITE (61+¢16) (FF(IY,Ix1NC) ’ ~
WRITE (61,18) (TQ(I),I=1,NC) ,
6 . FORMAT (5¥,* RX CUTTING SOPCZ COMPONENT = #,F15.6)
7 FORMAT (5X,* RY CUTTING FORECE.CIMPONENT = *#,F15,6)
' 8, FORMAT (5X,* RZ CUTTING FORCE ‘COMPONENT = #,F15.6)
5 =

-

® 9 FORMAT (5X.* RESULTANT TORQUE RTQ *,F15,.6)
10 FORMAT (5X,2F11,5) .
£2  FORMAT (5X,* RADIAL CUTTING FOR3E . FRCI) = *,3F10.6)
14 FOQNAT (5X,% TANGENTIAL CUTTING FARSES FT(TI) = %,3F10.6)
16 AT5(5X,® FEED CUTTINS FORCES FF(I) . = %,3610.6)
18 ATESK,® CUTTING TORDUES : +#,3F10.6)

STOP . Y Sl

&




-

v L
2
bi
30

=L

25

21

??

N

¢

,
SUBROUTINE PATON “(NyNCyNP, FIRy NNyNO, IZ LTA FeXLoXRo Yy X-QOH.D) ’

DIMENSION X(5) XX (5) 4 XXX(S) XL (5} +XRU(5) 4»
NF=0 a
N1=0 . ‘
N2=0
NN=0 (
DELTAL=DELTA v 'Y
IF (NP) G,546 ,
WRITE (61,7 , ’ .
WRITE (61,44) - ’ ’
FORMAT (1H14////,10X,* C O N V 2 NCE

/7 ©PAT-T ER 770
FORNAT ( 7X.@UN

PR A1) '/)*"

CALL MERIT (X.Y)

TF. (NN=NP) 8,13,13

NF=NFel . .

_ NN=NN+1 S, \ :
IF(NP)31,31,32 1 S
WRITE(61433INNLOELTA, Y, (X(I) o Iz1N)
FORH‘T(SX.I“QFFIZoS) . .
CONTINUE -

YYaY
DO 10 K=1i,N <
XX (K) =X (K) 1 .
CONTINUE
CALL LIMITS(XYX,XL,%XR)
CALL EXPLOR (M NC,XX,YY¥,XL,XR,0: LTA,QGH.NF.D)
AzYYeY=0,000001 , .
IF (A) 3.3,2 ’
D0-12 Ksi4M
* XXX {K) =X (K)

g
Py
1ol
m

DELTA Y
’

© e XKy EXX (KD ' ‘e

CONTINUE

. ¥=YY :
00 20 I=1,N ' ..
XX(I) 22 Q% XXC(TI)=XXX(T]) '
CONTINUE ’
DO 30 I=1.N
CALL LIMITS(XX,4XL ,XR)
IF(XX (I =XL(T) )1 ,42,042
XX(IY =YL (T
IF(XX(TY-XR(IV)IZ0,30,0k
XX(I)=XR(I)
CONTINUE
CALL LIHITS(XX.XL XR)
CALL MERIT (XXpYYY)
IF (NN-NR) 25,13,13 ,
NFaNF+q
NN=NN+1
VY:VYY
IF(NZ)?lo 21
N2=N2+1 Qs
IF(N2=-NP)22,23,22 ' .
WRITE (61433) NNLOSLTA,Y, (Y(I},IaiyN?
IF (NNJEQ.S0) WIITE (614107 Y
IF (NN.EQ.i}S) WRITE (61,107)

Y

WONITOR

X(41)

- 232

\

“x(2)




SRR I

197

23

3
15
13

100
101
102
103
104
105
106

21
22
23
26

2%
26

28

N\

»
10

FOINAT (1H1) : 4
NZ2=20
CALL EXPLOP [NLNC,XX,YY,XL,X2,0ZLTA, QOH.NF o¥ : N
32YY-Y=0,000001 o hS
JIF (BY 1.1,2 ,
ONELTA=DELTA-F - -
JE(INELTAI 13,159,165 .
DELTA=POM®DELTA - N
60 TO 1 :
WRITE (61,1000 NF _ N
WRITE (61,1010 f
WRITE (61+1021NN ¥
WRITE (61,103YDZLTA 1 .
WRITE (61,104)DELTA , - _ N
WRITE(61,105)P0W . .
WRITE(61,106)F :
FQRMAT(/77,5X,* TOTAL NO NF FUNSTIONAL EVALUATIONS = *,I6)
FORMAT (5X, * LARGEST MERIT O0DINATE = », 20 F15.5)
FOZVAT(5X, * NUMRER OF BASE,EVALUATIONS z %,2X,15) ~
FORMAT(SX, ® ORIGINAL STIP SIZZ = %,2X.F15.6)
FORMAT (SX, * FINAL STEP SIZS = *+2X+F15.6)
FORMAT @8Y,* REDUCTION FASTOR FOR STIP SIZE = * ’Y.Fis.s)
FOIMAT{SX,* FOACTIONAL RZNUCTIOM OF UNCEZRTAINTY = %,F15.6)
RETURN -
§ . \\ ’ ‘ M . *

5

SURROUTINE EXPLIR (N,NCyXX.YY,XL,XREDZLTA,ROW,NF,0) -
DIMENSTION: XX(5) 4 XL(5) 4 XR(5) 4F (5) .

D0 10 K=1i,N

A=XX (K}

XX {(K)=XX (K)+DELTA

TFIXX(KY =XL(K)V121,22,22

XX (<) =XL(K)
TFOXX(K) =XR(K) V24,424,423 -

XX (K)aXR(K) . \\
CONTINUE %
CALL MERIT “(XX,YYY)

NF=NF+1 \

a

BxYYY=YY=«(,000001

IF (B) "1,1,2 \
YY=YYY ‘

CALL LIMITS(XX, xL,XR) , . o

GO TO 10 :

XX (X)=A-DELTA . -

IF (XX (K)-XL(K) 125426426 . »
XX (K)=XL (K) ‘

TFIXX({K)~ XR(K))ZB;ZB;ZT . . -\
XX (K)=XR(K) : . .

CONT INUE -

CALL MERIT (XX.YYY) - ' . N

NF=eNF+i o . .
CEYYY=YY<0,000001 ’ -

JIF (C) 3,T,4 o e

YY2YYY

CALL LIMITSIXX,XL, xa) o B ‘ N

GO T0 10 ' -

XX (K)=A - : )'
CAL%YLI"ITS(XX'XL'XR) ‘ o7 -
CONTINUE . .

RETUYRN - ’ .. ,
ENO * \ 4

'

e o s b e i o) o o
&ty




® COMMON NC+D+3+N,PL,P2,R12,P22,CL,CR2,CR3,CTL,CT2,C73,CF4, \ .

suaROUTrJ!'LInrrs«xx.xL.rq)
DIMENSION XX(5)4XLIS) 4XR(S)+FI(5) +FILISYFIR(S) ~N

ZCF24CF3I94FSaKAL oKH2+ToDELTASYL14Y2RX4RY\RZ,RTQyFR,“T4FF,TQ

00 |5 J=1,.NC

FI(II=XX{J) v - 7
CONTINUE ' o '
FIL(1)=330.0 '

FIR(11=230,0 ~ . ¢
FIL(2)=0,0

FIR(2)=360.0

FIL(3)=255,80 .. .

FIR(3)=215,0 ~ a

-00 20 I=i,NC ’ ‘ ’

IF(FIRMIILT.O0)FI
IF (FIR(IY=EIL (D)
3 IF (FI(I)=FIL(T))

&

T s
-
[—]

. ' GO TO 1%

FIL(II=FIL1IY=350.

Q‘(I)SF‘IQ(IH@ED 0 .
) 8,18,18 "
10+10415 . ,
0 . -

A

16
18

20

20

30

100

105 .

110

S
LY = = (KN1*Y14KN2#Y2)

FIR(II=FIR(I)+360.0

XL =FILLI) . : ) ) '
XR(I)=FIR(I) ‘ \ ) S .
CONTINUE . L '
RETURN - J
END ' S

™

SUNROUTINE MERIT (X,Y)
OIMENSTON XI(5) x(s>.xxx(s).cha).xztsv.a(s:.rztsa.931(5) -
/'FR(S)‘FT(RDoFF(SD CRO(S)'CT0(5110=0($)-R(51.TQ(S!

REAL KW{,.KW2

‘COMMON NCyDyBeNyPLP2,P12,P22,C31+CR21CRI4CT1,CT2,CT3,CF1,
ZCF2,CF3405,Kd1 KH2,T,DELTASYL; Y2,3X XY RZ,RTQWFRH=T,FF,TQ
PI=3.1415926 ,
RAD = PI/180.0 - ' . '
DO 10 J=1,NC ,

FI(NH=%X(N e ..
CONTINUE
. CRO(1)=CR1%3(1) -
CRO(2)=CP2*A(2) \\ - . .
CRO(3)=CR3*3(3)

" D0 20 I=i,NC 4

CTO(I)=CT1*B(I)
CONTINUE - ) *
D0 30 I=1.NC ‘ \ B .
FR(II=CRO(II*T*%(,65
FT(IY=CTO(I)*T*+p,80 . . . o
CONTINUE ' C :
00 100 I={,NC o : :
FI(I)=FI{I)*RADN. .
- CONTINUE . ) ¢ -
I=0 ' . - ‘ .
RX=0.'0 ~ > ) ' -
RY=0,0 ' . Lok
I=1+1 . ' “ PG
-RX:RX&FR(I)'COS(FI(I)’-FT(I)'SIﬂ(FI(I‘) . :
RYaRY+FRUTIPSINCFI(I) ) 4FT(II®COSIFICI)) ) - . ]
IF(I-NC) 105,110,110 .
CONTINUE
Yi 2 ABS (RY#R]S)
Y2 = ABS(RY

~°

RETURN IR R ,
&ND :




)

2

-

12

14

30

40

50

LY X )

" FF(I)aCFO(I)*T**0.65,

SUIROUTINE STA?S (FI.v.p ny

FFT(5),FF(5),TN(5) 40ELFP(S) ,0ILFT(5) . ™

DTIMINSIOQM FI(S), X(S).R(S’oB(S).CRO(SivCTO(S)'CFO(S) FR(S).

CDMMON NGC,D,A,N,P1,P2,P12,P22,C1,CR2:CRIHCTL.CT2,CTT4CF 1,
JCF24CF3,95,KH1,KN2,T, U:LTAoYioYZoQXo?Y RZ\RTQaF, FTFF, 9

PI33.,1415995
RAD=PI/140,0 .

R(1)20/2 . .
R(2)=R(11-8(1)

R(3)aP(2)=2¢7) ' :

CFO(1)=CFL¥n(1) '

CFO(2)=CF2°3(2)’ -
CFO(3)=CF3*a(3)
00 11 I=1,NC

T =FT(TI*( (1) =B(I) /2.0) -t ,
COYTINUE Ty
Is0 ' .

0Z=0.0 C .
RTQ=0.0 ;

TaTet oo
RZaRZ+FFIT) SN
RTQ=2T0+TO ()

TF(I=NCY 12,1, 16

CONT INUE

DO 20 I=1.NC e \
FI(Dy=X(I) )
FI(I)=FI(I)*RA0
‘DELFR(I) =PstR (D) . .
DELFT(II=Q*FT(D) : .
CONTINUE
1=0
VARX=0,0
VARY=0,0
I=1+1
VARX-VADrbt(D‘LfR(Il)“Z)'((CDS(FI(I)))“Z)+
ZUCOELFT(I) 152 2)%((SINCFI(I)) ) »+2)

VARY=SVARY+ ((DELFR(I)I**2) s ((SIN(FI(I))}*%2)+
ZOCOELFT LTI 1%%29% ((COS(FI(I))) =82y

IF (I=-NC) 30,400,040

CONTINUE - ;

DELRX=SQOT (VARYX)

NELRY2SART (VARY)
EPS=0.000001
K=z(

SUMz0.0

SMaSUM

K=K+l
sunsorLRx+tnanx--z+o=LRv~-z SHe®2) /7 (2,0%RX)
IF (ABS(SUNM=SMI.GT.EPS) 60 TO S0

DELR=SUM o
DELLASATAN(DELRY/ (RX-0ELRX)) /RAD "
WRITE (61, s} K
WRITE® (61,67 NELR - !

WRITE (61,7) DELLA ‘ . _r
WRITE (61,8 DELRX,DELRY » ¢
FORMAT (SX,* K = 3,I5) N

~FORMAT (5Y,* 8 VARIATIN IN MAGNITUDS KN = #,F10.6)
FORMAT (SX,® R VARIATIN IN OLRZSTION 0EG =*,F10.6)

)

t

., FORMAT (JS¥,2515,6)

RETURN -~ ' ‘
END ce

N '
E \ '




TABLE A4.l

'DATA SHEET FOR\OPTIMIZATION OF THREE STAGGERED TOOLS

bal .
, TREPANNING SOLID BORING TREPANNING
L
TOOL NO a] 2 3
NC 3 2 T2
. N 3 2 2
NP 1
NR 200
D [mm] 85.725 85.725 0 298.704
Pl [mm] — 8.0 8.0 10.333
FTTJII-THT 8.0 ) .U LU.333
Pl2 |mm ] - 0.0 > 5.431 3.0
P22 Lmm] 0.0 8.0 7.0
CR1 0.2924 0.3114 0.3114
., CRZ2 - 0.2924 0.2325 5 0.2325
CR3 0.0 0.3136 .- 0.3136
CTl 1.734 1.734 1.734
CT2 1.73% 0.0 . 0.0
CT3 1.734 0.0 0.0
CPl 1.0911 1.0858 1.0858
CF2 1.0911 > 0.041 0.041
CF3 1.1296 0.02193 0.02193
,  ROW 0.0 . 0.5 0.5
DELTA 0.1 0.1 0.1
X(1) [DEG] 0.0 300.0 300.0
X(2) LDEGJ]. 200.0 _180.9 180.0
X(3) [DEG] 320.0 - -
B(l) [mm] 8.0 24.0 31.0
B(2) Lmm] 8.0 18.862 17.0
B(3) |lmm] 8.0 - -
— RS L[kN] 4.5 6.5 . 7.0
KWl 2.0 2.0 2.0
. KW2 5.0 2.0 2.0
T [mm] N\ 0.15 0.33 0.17
0.001 0.001 - 0.001
P . 0.1 0.215 0.215
Q 0.1 0.08 0.08 .

]

i S A &




4

<

CONVERGENGCE

NN © DELTA

CUTTING TORQUES

R

= 118,1796A3

MOMNTITOR

PATTESRN

X (1) X t2)
- -1 . e10000  =14,09644 0.00000  200,00900
2 $10000 ~7.59771 -.10000  197,90030
3 «10009 ~3,45093 -.10000  199,90100
) +10000 ~3,428%6 +10000  207,00030
‘ 5 «10000 . <3.35178 .20000  207,29900
, 6 «10900 ~3,26954 *e50008  207,50000
7 210000 ~3,09191 +20000 209, 90900
8 +10300 -2,88452 1.40000  201.60000
9 «10000 ~2,63894 2.00000 207,00090
10 «10000  -=2.34263 2.70000 202,70900
11 «10000 -1,93894 3.50000  206t,50000
12 «10000 ~1,61373 %.50000° 204,40900
13 «10000 ~1,50035 4.53000  294,39030
16 «10000 “1.57121 4.79000  204,30990
L= «10000 ~1,53545 s.19000 204, 23000
16 10000 ~1,43580 $.40000  20%.10900
17 «10009 “1.42280 5.,90900 204, 70000
18 «10000 “1.34713, 6.50208  207,99990
19 . «10000 -1, 25961 7.20000  203.30000,
20 «10000 -1.16121 4,10000  20%,70000
21 " e10000 T=1.,05uA7 9.90000  20%,50000
22 <1090 -.33677 9,90000  20%,50095
23 «10000 -.91262 11.70900  203.40000
24 «102390 -,67915  12,20000  20%.60390-
25 +10000 ~e53640,  13,50000 203,40000
26 410000 -439431 14.99000  203.43900
27 10009 -.26225 16,40000  203.50900
24 10000 -.06220 19.00000  203.50000
24 +10000 -.05055  1%.10000 20%,€9930
11 10900 - 03417 18,%0000 203.50000
21 .10000 -.71799  13,50000 203,50090
\‘\\\\_;_ 12 . 10000 -.00597 14,50000  203.€0000
. 13 . 05000 -,00129 14,5000  20%.60900
14 01250 -.10085 19,63750 203463000
15 . 00625 -.00079  13.64375  203Wgane
° 16 <00313 -.00035  18.66362  203,596A7
) 17 .00313 -,q0007 13,63750  203.59687
. - .
TATAL NO OF FUNCTIONAL EVALUATIONS dit 289 .
LARGEST MERIT ORDINATE = 4ﬁduuQ
NUMBER OF NASE EVALUATIONS = S
NI1GINAL STEA SIZE = 180000
FINAL STEP| SIZE = L, T.000784
QIPURTION FACTAR FOR STEO SIZE = 500000
FQACTIONAL REOUCTION OF UNCERTAINTY = 001000
18.63750  -.00007
K = 3
R VAPIATIN IN MAGNITUOZ XN = . ,365421
P VAFTATIN IN DIRECTION 056 = 5,593771
«348400 406612
' RX CUTTING FOPCE COMPONSNT = 90500002
RY CUTTIMG FORCE COMPOMENT = «000016
R7 AUTTIMG FORCE COMPONINT = 7.719931
. QETULTANT TORQUE RTA . 281.555779
A RADIAL CUTTING FORCES FRII) +681595 =.531595
TANGFNTIAL CUTTING FORCES FT(I) &5\ 3.060970 3,060370
- #ZED CUTTING FORCSS FF (I} =) 2.563395 2,543395

;X3

-320.00000

285.00000
255,10000
25510000
255420000
255,40000
255.70000

256410000

256,61000
257,20000
257,90000
258,70000
258.70000
258,72000
25%,70000
258.70000
258,70000
258,70000
253,70000
251,70000
258.70000

‘253,70008

258,70000,
254,70000
258.70000
258,70000
258,80000
258,90000
254,20000
253,90000
258.90000
258.90000
258,90000
253.9&300
258,90000
258,90000
258,90000

A

t.0000900
3.040970
2.6331060
93.,951326 '69.526169

——r.




NH

W NI E W=

DELTA

‘- +10000

«10000
«10000
«10000
«10000
«10000
«10000
«10000

. «10000

<0000
-10000
«10000
«10000
«i0000

«10000°

«10.000
clﬂoqp
«10000
«10000
«10000
«10000
«10000
"+10000
«10000
,o10000
«10000
«10000
«10000
«10000
«10000
«10000
«10000
«10000
«10000

«10000-

«10000
«10000
«10000
10000
«10000
«10000
« 05000

. 02500 -

001250

« 003243 ..
« 00313 -

«00312
«00343
«00313
«00313

y

.

~27.12907

~26,99924>°

-26,73920
-26.,343824
«25,.,82529
=25,16893

,=du,37708

“23, 44894

"=22,38110
=21,1715¢

~19,81772
-1%,31698
~16,66666
“14, 86416
-12,90699
-10.79289
-8,519914
'5.08652
-3.49173

‘073518"

«~,58965
"51635
“,42638
'039630
-.3r02g
-o 34810
-.32595
-.30376
-.28153

CONVEGENCE MONITOR PATTERN

(ﬁ\d /“

X(iy/

/
300. 00000
30010000
380.30000
300.60000

'304.00000

304, 50000
302.16000
x02.80000
‘303, 60000
"'304,50000
305.50000
306.50000

- 307.40000

'309.10060

.310,50700

312, 00000
313,50000
315.30000
317,10000

X19,00000:

313.10000
319.30000

319,60000

r13,.70000
313,70000
319.60000

319,50000
319.40000.

319.30000

-4¢25926 * 1,319,20000

~+23696
~e 21461
-.19222
~+16979
'91h732
=e12481
=+10226

«.07967\

‘00570“
'g03a37
~.02279
-, 01954
‘101125
=.01105
-« 01089
'001018
-+00876
.000651
-+ 00380
-+ 00096

f'319,10000

¥19.00000
318,90003
318,20000
318.70000
318.60000
318,50000
318,40000
818.30000
313.20000
318.10000
31415000
318.12500
318.13750
318413750

318413437

318.42912
318.11475
318.10625
318.09375

X2y

180.00000

173.90000 °

179,70000
179,40000
179.00000
174,50000
177.90110
177,20000
176.40090
175.50000
17%,50900
177.,40000
172,20900
170.90000
163.50000

168.04904 -

166,40000
164.70000
162.90000
161.,00000
160.380000
. 160.70000
163.40000
160.70009
160,20090

\1&0. 10900 -
160.00000 -
153.90000

159. 80000
153470990
153, 60000
159.50000

. 159,40000

159, 30000
159, 200090
159,10000

159, 00000

158,90000
154, 20000
158, 70000
155, 60000
159, 60000
153,60000
158, 60000
153459647
158, 59375

* 153, 54750
154.57812
158456562
15%.55312

~
¥




BT

51 .00156 -¢00039  318,09219
52 00078 ' -.00038 314,

TOTAL NO OF FUNCTIONAL ’VALUATIONS = 292

LARGEST 'MERIT ORODINATE =
NUMRES COF BASE EVALUATIONS =

~«000332
52

. OPTIGINAL STEP SIZE = 100000
FINAL STEP SIZE = $0N07T81

.REDUCTION FACTOR FOR STZP SIZE =

154, 55312
09297  "153.55312

+580000

., FQARTIONAL REQUCTION OF UNCERTAINTY =

318,09297, .00035
LK. =® a

R VARIATIN IN HAGNITUOc KN = 1,14282%

R VAPIATIN IN OIRECTION 0EG = 14,533982

1.007036 * 14434295
RX CUTTING FORCE COMPONENT
.RY CUTTIMG FQRCE COMPONZINT
R7 CUTTING FORCE COMPONINT
- REZSULTANT 'TORQUE. RTQ . ° =
RADIAL CUTTING FORCES FR(I) =
TANGENTIAL CUTTING FORCEZS FT(T)
FZED CUTTING FORCES FF(I)
CUTTING, TOPQUES TQ(T) "

[

[ ]

H M-

.

’. \ ¢

‘ 11V21.52,.ME890,

L 911421452.4% YV LATINOVIC *%+
11:2i.52, ACGOUNT,CARSKS5S5,,

’ 4102}0‘ FTNyOPT= (.
’ 11472.1P,° 3796 CP SEGUN?SQCOHPILATION TIWE

14,22.11.LG0. o o
11,22.19. - STOP '
",11422.20.UEAD, ,0.00LKUNS,
\}1.22-20.05%5',3 wO 736KUN5\
11.224?0.UECP, - 5.9885ECS.
11,22, 2N, AESP, . cTSUUNTSQ
, 11.25.22.%plpo 23,

6450002

«000170
23.082654
656,122975 .

. .505557
17.142335
12.910143

$29. 057152

&

°

"0.773 KLNS. '

v 11422420, «827 CP SEJONDS EX‘CUTION TIME

A

.+001000

«5095677
134472494
10.172511

1‘7. 065323

'




s,

-

4

[s)

240

g >

”~ .

B

N

CONVEGENCE MONITOR PATTERN'
NN NELTA Y X1 | X¢2)
1 +10000 -11,30709  300,00000  1%9,00000
.2 «10000 -11,22084 _ 300.10000  178.900600
3 +10000 -21.04810 ,300.30000  179,70000
t . b «10000 ~-10.7884%  300,60000 179.40000
. \\\\\m/ s 410000  -10.64141  301.00008  177.00000
{ 6 «10000 ~-10,0053¢  301.50000 174.50000
. 7 «10000 ~9,47994 _ 302.10000- 177,90000
¢ L] «10000 -8,86376 302.80000 -177.20000
: 9 «10000 -8,15538  303.60000  176.40000
10 “+10000 -7.35330  304.50000  175.50030
‘11 .10800 -6+5%432  305,40000 174,50090 -
12 «10000 ~5,44046  306,20000  173.40000
13 «10000 -6.25233 ‘306.9000% 172.20000°
14 «10000 =6,05408  307.50000' 170.90000
15 .10000 -5,81976 _ 308,00000  169.50000
16: .10000 -5,55330  308.40000 163,00000
17 «10000 -5.,28882  308.70000 166440000
3 14 «10000 -4,99916  30%.,90000  164,70000
19 «10000 -4,.69%84  309,00000 162.90000
20 «10000 =4,39109 ,309,00000  161,00000
21 «10000°  <4,07939  308.90000  159.00000
22 +10000° ~-3.76708  308.70000  156,90000
23 «10000 -3.45748  308.L0000  154,.70000
g 24 «10000 -3,15376  308.00000° 152,40000
25 +¢10000  -=2,85905  307.50000 150.00000
26 «10000  =-2.80860  306.900000 _ 147,70000
27 «10000 -2.71097  306.80000  14L7,80000
28 «10000 2453319  306.60000  147.90000
29 «10000 ~2,53707  306.30000  1u7,90000
30 «10000  ~-2.47929  305.90000 147,80000
‘ b} ! * 10000 °©  =2.39870  305.40000 , 147.60000
32 «10000 =2.29403  304.80000 . 147.,30000
33 +10000 =2,15384  304.10000 145.90000
) 34 «10000 -2.00658 '303.30000  146,40000
35 «10000 -1,32055  302.4L0000  165.80000
16 «10000 ~1,60394 3040540000  145,10000
37 «10000 =1.35684  300.30000 .144.30000
t13 +10000 =3407423  299.10000  143,40090
39 «10000 =.88587  298.00000- 142.40000
4o +10000 =¢84000  298,10000 " 142,30000
) 41 +10000 =¢80067  298.10000 - 1%2,10000
' 82 «10000 ~«76600  298.400000  1%1,80000
N w3 +10000 ~e70622  297.80000  141,40000
[ L «10000 -.64308  297.63000  140,90000
! 45 +10000 =e¢57753  297.40000  140,30000
46 «10000 - 48356  297.10000 139.60000
“? «10000 =+39903  296,80000  13A,80000
- 48 «10000 =.28759  295.40000 137,90000
' 49 +10000 =«17801  296.00000 136,90700
r 50 +10000 =e07213  295.60000 135,80000
.S

. ."
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51
52
53
54
5K
56
57
5A
59
50
61
62

10000
«10000
10000
«10100
.05000«

«03500
"o 0 00
01350

01250
$00313
00078
00078

v

«.05207
«,05192
"uﬂZ?Z“
-. 01711
-,00931
-,00969
-,00359
-.00353
-.00084"
«,00067
-.Gnqza
-+00012

TOTAL NO OF FUNCTIONAL EVALUATIONS = ,
LAPGEST MERIT OROINATE =
NUMBER OF RASE EVALUATIONS =

ORIGINAL STEP SI7t =

FINAL STEP SI28 =°

295,10000  134,80000
295,10000  134,°0000
295,20000  135,10003
295,30000  135,20000 °
295.,35000 135, 35000
295,35000  135,32500
295.32500 135, 30000
295,.32500 . 135,23750
295,.31250 < 135.2750Q
295,31250  135,2714%7
295.31172  135,27109
295.3109%  135,27931
345 ‘s
-+ 000117 .

62
«100000

- +000781

2

-

REDUCTION FAGTOR FOR STEP SIZE = . «500000
FRACTIONAL REDUCTION. OF-UNCERTAINTY = «001000
295431096 -400012 )
+ K = 9 . ~
R VAPIATIN IN MAGNITUDZ KN =  41.048502
R VARIATIN IN DIRECTION OEG = 5.836906 -
1.025293 ., «510782 A
RX CUTTING FORCE COMPONENT = 7.0000590
+ RY CUTTIMG FORCE COMPONSENT = -,000008
RZ CUTTING FORCE COMPONEINT = 16.8024688
RESULTANT TOROUWE RTQ 2 2528,021337
RADIAL CUTTING FORCES FR(I) = «508118 - 0034304
.TANGENTTAL CUP¥ING FORCES FT(I) = 13.024755° , T7.142614
FZED CUTTING FORCES FF(I) = 10335257 5.967231
CYTTING TORQUES TQ(ID) = 1743.390956 784.63038%

. N~

1

{0.40.20,MERQD,

10.40420.,%* V.LATINOVIC ®%»
10.40.21ACCOUNT,CABSKSS,.
10440+ 22.FTN,0PT=0,

10/60.40. " 34791 CP SECONDS C
i0 kﬂobﬂ-LﬁOo

0650, STOP
604504 1.065 CP SECONDS E
1i0.40.50.,UEAD, 0.001KUNS,
10.,40.50,VEVS, 0e738KUNS.
10.60.50.UECP, " 6.108SECS.
10.,40.50,RESR, 7+897UNTS,
0,743 KP

n 1046249, UCLPy 234

-

~

OMPTLAT ION TIME
@
XECUTION TIME . ,

NSe .




(2 X1 X3 X3 X2 X3 X2 K1 X3 X1 N2 N3 X1 R2 X2 X1 K12 X2 Xz X3]

0\900

AY

t

11

20

PROGRAY %EHQD\VINPUT 0UT°Ut%l:°- 60=INPUT,TAPE 61= 0UT°UT)

" RATTEON SEAFCH FOR MULTIVARIABLES ;e d
CALLING PROGRAM REQUIIEMENTS - . .
N NUMRER OF INPEPENDENT VARIASLES (MAXIMUM o)
NP CONVERGENCE “MONITOR
NP=0  WILL NOT PRINT ﬂ < ' '
={  WILL POINT EVERY ITERATION ‘ .

= WILL PFINT EVERY SECOND ITZRATION
DELTA CUPRENT STEP SIZ=

F MINIMUM STEP SIZE
XL * LOWER ~ROUND OF SEARCH DOMATIN o
XR HIGHZR BOUND OF 3zAMWH JOMAIN
X CUPRENT BASE POINT ) N
XX BASE POIMT RZSULTING FROM CURRENT MOVE
X X% PREVIOUS BASE POINT f
Y FUNCTIONAL VALUE AT 3ASI POINT
Yy FUNCTIONAL VALUZ RESULTING FROM CURRENT SZT
YYY . FUNCTIONAL -VALUE RESULTING F0M CURRENT MOVE ',
*~  OF EXPLORATORY MOVES JR PATTEIN MOVE ‘
ROW REDUCTION FACTOR FOR STIP SIZE LESS THAN 1 /
NN NUMRZR OF ITERATIONS -

[ 4

OIMINSION Y(lﬂ).XX(iﬂ’vXXX(iU)'XL(lU) XR(lO)vS(D)qB(5)vFR(5)v
s /FT(5)4FF(5),TR(5) T T
REAL KST KWL, KW2,KW3
COMMON NCo+DOsKSTINyP14P2yC0R2,QR2+CRIHCTL,CT24CT3IHLFL,CF2,
/CF3yKH1 3 KH2sKHW3y RS,y Ty UELTAoYlvY20Y3v5'RXoRYvR21FN’FTvFF TQ
/sRTAQ
FORMAT (219%) ) N
FOQMAT (6F10.5) ¢ '
READ 3JyNP,NP )
READ S5+DsP1+P2,KSI,CR1,C92,CR3,43 Ti,CTZvCT3vCF190‘YsCF3v -
/ROW,DELT AL RSy KHL ¢ KH2 1 KHI s T+F4ZETALCy BLvBRvP Qs ALFA
BAs(RL+R°) /2,0
RA=KSI*BA-0+SQACT(D**2-KSI*D 34) S N
NC=1+((ZETA®D®*32) /(L. 0= 1. 0+C))‘(0 221'0)“2)/RA"2 ’ .
ND=2*NC
N=NQ=-1
00 2 J=1,NC ’ °
BELAE NS . .
AAxgMi » - .
}(J, 2360.0*AA/NC+ALFA . o . e o~
NCHi=NCag : ’ ‘ o S '
00 11 K=1,NCM1 ) v
‘KCzK+NC . ) .
XL(KXCy=8BL : , -
XR(KC)=8R . ’ ) .
X{KC)=XL tKC) . . .
X{ND)=0,5%*D . .
HRITE (61420) NC+NDsN ’ v -7 »
FOQMAT (3II%) . ’ ' . LN
CALL PATEN ‘N.NCQNP'NR'N\"NDODELTA'FQXL XR:YeXeROWD) =
CALL MERIT(X,Y)
HRITE (61,100 Xt1Y,y .




o ST

?

6
4
8
9
10
12
16
16
18
19

I

o

32
31

10

L X X () X(5)

“IF(NP) 31431432

o N -
« ¢

CALL,STATS (FI,X,P,Q) ‘ ‘ -

. WRITE (61.6) PX . .

NRITE (61+7).RY - S \\i_

WRITE (61,8) P7 ‘; . .

WRITE (61+9) RTQ :

WRITE (61,12} (FRUI) 4L=1,MC

WRITE (61,16 (FTC(I) {I=1,%C)

WRITE (61416) (FF(I),I=1,NC)

MRITE (61,18) (TO(I) (1=1,NC) g
=1

WRITE (61419) (S(I)I=14NC) S
FORMAT (SX,* RX CUTTIMG FORCE COMPONENT 2z *,F15.6)
FORMAT (SX,* 8Y CUTTING FDRCE COMPONSNT = *,F15.6)
FORMAT (5X,* 87 CUTTING FORCE COMPONENT = *,F15.6)
_FORMAT. (SX,* RESULTANT TIRQUZ RTQ x= #,F15,6)

"FORMAT (5X,2F11,5)

FORMAT (SX,* RAOIAL CUTTING FORZES FR(IV = *,5F12.6) ,
FORMAT (SX,* TANGENTIAL ZUTTING FORCES FT(I) = *,5F12.6)
FORMAT (5X,* FZZD CUTTINSG FORCES FF(D) = %,5F12.6)
FORMAT (5X,* CUTTING TQRAUES TQ(I} = %,5F12.6)
FORMAT (5X,® EFFECTIVE CUTTING JEPTHS SII) = *y5F12,.6)
sTopP ) .

END . * '

" DIMENSION X(tU).XX(iU)oXXX(iU)-KL(lD).XQ(iU)

NF=0 .

N1=0

N2=0 /"

NN=g . ° ; ‘

DELTA 4=NELTA. L - Q
IF(NP) 5,5,5

WRITE (61.7) - . - :

WRITE (61,4} v

FoRMAT (1H1://77+15%X,* C O N VERGENCE

!/ PATTIER N®/IIIY )

FOQMAT ( 7X.*NN DELTA s Y "X (1)
9 X(6) =/

CALL MERIT (X.Y)

. IF (NN-NR} 8,133

NF=NF+1 . )
CNN=NN+4 . >

WRITE (61,33} NN,DELTA,Ys (X(I)sI314NOD)

FORMAT (5%, 144 8F12.5) .

CONT INUE )

XX (ND) =0, s-n -

YYay | ' . e ’ T
080 10 K=1r& a

XX (Y EX(K)

CONTINUE

, GALL EXPLOR (N'NC'XX'YY'XvaQ DELTA!QOH'NF ND!D)

AsYY-Y=0,0000014

.

. 243

V ‘ I «
SUBROUTINE PATSN (NyMNC NP NRyNNyNOyDELTALFeXLsXy Yo Xy ROR D)

MONTITOR

xt2y °

-

/




2

12

]

a0

25 -

3

A0D
101
102
103
104

.~ 105
106

VTP (A) 343,2

\\glv " .
~ 00~20 I=f,N o

+ WRITE

DO 12 K=l N~ :

XXX (K) =X (K) - o . '

X %) =X X (K) . ) ‘

CONMNUE ’ C . - -

A=XX(T) . . | ) o .
XX(I) 22,05 XX(T)=XXX(I) . : -
IF (I.LE.NC) 60 TO 20

IN=1-NC - : '

CALL LINITS (X¥sXL,XR). < e

IF “1XX (IND 4GT4XR (INY.OR. xchM).LT.XL(IN»a XX (1= .
CONTINUE '
CALL CHECE (XX,XL,XRS

"CALL NERIJ (XX, ¥YY) ‘ =

IF (NN=NR) 25,13,13" .
NFaNF+1 | )
NN=NNe+t , © -
Ye=vvyy : -
"IFIN2121,22,21 L .

N2=N2+1 ' . °

IF (N2-NP122,23,22 ; .
WRITE (61,331 uN,oELTA.v.(xgrs.I=i.wox g \

IF (NN,E0.35) WRITE (61,107 ° , - St
IF (NN.E.75) WR fe1r107) '
FORMAT (1H1) . P o

N2FY o

CALL,EXRLOP (NvNC,XX'YYQXLMCLTQQRORQNFQND'O)
BxYY=Y=0,000001, -,

IF (B) 11,2 -
DOELTA=DELTA-F .
IF(DDELTAY43,15,15 : &
DELTASROWSDELTA ‘ )

GO0 70 1 %
WRITE, (61,1000 NF :

\

(61,101)Y . b

WRITE (61,102)NN . ‘
WRITE (61,103)TELTA 1 *

WRITE (61,10W)DILTA

WRITE(61,105)R0W

WRITE(61,106)F

FORMAT(//7/45%¢* TOTAL/ NO OF FUN:TIONAL EVALUATIONS = *,16)

FORMATI5Xs * LARGEST MERIT ORDINATE 3 *,2X4F15.6)

FORMAT (5X, * NUM3ER OF BASE SVALUATIONS = #,2X,I5)
FORMAT(5%,. * ORIGINAL STZP SIZE = .zx.rzsaa»

FORMAT(5Xy ® FINAL STEP SIZE 3 %42X,F15.6)

FORMAT(5%,* REGUCTTON FACTOR FOR STEP SIZS = %,3X,F15.6)
FORMAT (5Xy* FRACTIONAL RZIDUCTION OF UNCZRTAINTY = *,F15,6)
RETURN

END ¢ .

b3
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[

SMBROUTINE EXPLOR (Ns NC XX oYYy XL XRyIELTA,RON,NFyND, D)
YOIMENSION XXC10),XL €201 ,XR(17) ,
CALL CHECK (XXeXL¢XR)
0 3% I=1,NC
YF (XX(I1-XL¢IV-0.000000% 34, 34,15
{5 IF (XR(I1=XX(T)=0,0000001) 3u.3uﬁsa
30 INELTA=D
TAL=I+1 o
IFHIPL.GT.NC) IPLz]P{=NC
-IR2=T1+2
¢ Ivz.cr.ncylpzazpi-nc
IPB=1+3 '
1 (IPB.QT.NE)IPJ*IR =NC

IPU=T+t ,
rrctpu.sr.gé»rpa:LPu-ncr
BLeXX(I)
R2=XX (IP1)
" IDELTA=INELTA+L
C42XR(IPLY-XLATPL)~0. 0W000¢.
IE(C1) 3181405
31 a¥saxx(IPh
“TOELTA=TPELTA+Y
C22XR(JA2) XL 11P2)~0,Q00002
IF(C2)38,32445" .
32 Bu4=XX(IP2) :
IDELTA=TINELTA+E
- CR=XR(IPT) =XL(1P}) -0, ge000d
IF(C3) 33433445 :
33 BEEXX(IPL) 4
’ YTA=T7ELTA+L
45 CONTINUE - © ' -
. ADELTA=0.D
%ELTA‘O.U ‘
¢ N1=zI+IDELTA. - -
FIF (NL1.GT.MC) NizN1=NC
/7 XX(Ni!*XY(Nl)OD:LTA
; IF (XX(N1)4GTeXR(N1)) AorLtnsich1»kat~1x
A XX(I)=PL+NELTA-ADELTA : 0 )
XX(IP1)=82+DELTA-ADELTA : b
IF (IDELTA «GE. 2) XX(IPR)=B3+DELTA~- ADELTA
IF (IDELTA.GE,31 XX(IP3)=BL+DELTA=ADELTA
f' fF(IDELTALGE.4) XNIPH) 2R5405LTA=ADELTA
., CALL nenrr(xx.vvv)
- NF:NF&i
AA=YYY~YY= n.oooonox )
IF(AMYS,5,6 ' .
6 MYYsYYY
CALL Lzzstcxx.xL RYL
G0 10 3 :
S\ XX(I)=BL{-NELTA \_ .
IF (XXCIY LT XUL(I)). soELrAaXLcI)-xx(I)
R (1121 DELTA+BOELTA
*XX (IPA)=82-DEL TA+ROELTA
"IF (IDELTALGE.2) xx(rnz»-ns-DELrA+305L#5
IF (IDELTA.GS.3 XX(IP3)3B4L=DELTA+3DELTA
IF (IDELTALGE 4) XX(IP4)=AS=DZLTA+AIELTA. -
GALL MERITOXX,YYY) . g

\




- ' g A RY ] , ’
¢ N,

N 1) s
. NFaNF+1 . : \\
AAzYYY-YY-0,0000001 ) :
, IF (AA)7,7,8 . .
P 8 ‘YY=YYVY : . , ,
. ’ 3 CALL LIMITS(xx.xL.xa) _ ’
: ) "GO0 TO 35 S . : .
- ' " 7 XX(I)=‘". ’ . ‘ 1 ’
b - XX(IP11=xa2 ~
o .. IF (INELTALGZ.2) XX(IP2)=A3 r - , ‘
\ / IF (IDELTALGE.3) XX(IP3)=84 | .
. IF (IDELTAWGE.L) XX'(IPGL)2BS il . M
: CALL LTMITS(XXoXLXR) N o .
35 CONTINUE - ‘ o) X .
34 CONTINUE 2 : ‘ .-
.‘ L) 00 10 K’l'N
. . ASXX(K) :
. XX (K} =XX.AK)+QELTA | -
- IF (KJLE.NC)k GO TO 50 - -
KN = k=NC SN ! o 3
CALL LIMITSIXX 4XL,XR) . . - .
IF (XRUKM).GTe XRIKN) « OR, XX(KN).LT.XL(KN)) GO T0 1 ‘ : ’
*y 50 CALL CHECK(XYX, XL ,X2) : . A\/' .
CALL MERIT (XX.YYY) / \\}
NF=NF+ 1 . : )
x e 8aYYY-YY~-0,000001 : 4 - © o ¢
vOIF U3 4,1,20 P » .
. T2 YY=YYY '
CALL "LIMITS(XXeXY,XR) '
». GO TO 18 : ‘.
1 XX(K)=A-QDELTA AN :
CALL CHECK (XX, XL ,X®) . . -
CALL HMERIT (XX,YYY) ' :
’ © NF=NFe+1 )
’ .. CxYYY>YY=0,000001
\‘ /' .—**I ‘c, 3.3.“ ’ Q
s < o fyayyy . ) o
s CALL LIMITS(XX»XLyXR) ’ ‘
. - 60'TO0 10° ) o - S
3 XX{X)=A ' . : : .,
o CALL LIMITS(XX,XL,XR) . ) - .
. : 10 CONTINUE ) L
g’ RETURN { '

: END .
A o

a 1 .

TSR
ey

‘ . A - '\ .
‘\\\ v oo . SUARQUTINE LIMTITS(XX,XL,XQ) ' -
. DIMENSION XY(lUD.XL(iU:.XR(iO).=IL(5).FIR05).PSI!S).G(S),FI(S)
© -, -~ L » REAL KSI !
- . = GCOMMON Nc.OQKSI'N9pivP29rR1'CQOCR3 +CT14CT2,CT34CFL4CF2,
AN . ", /CFI KH1 o KH2oKH3 4 RS: Ty DELTALYL, Y2, Y34 SeRX4RY4RZWFRyFT,FF,TQ
. Co /QPTQ ’ .
' ' PIx3,1415926 g ‘ : ha
v - DEG=180,0/PI . .




-
-

"

*

A R g P B

g 3

-t

-

5 CONTINUE

OV N O

\ & ) ' t
00 5 Jzi.NC °
JC=J¢NC
FI( XX
Bt =XX(JC)H
R3XSI*A(J)=NeSQRT (DF
« RC=Q/2-R ¢ N 4
psx(J)=ASIN¢Q/°:)-nEG‘ - ¢

0O 20 |I=1,NC
IM13l~-1
IP1=I41 . .
IFCIML LT, 1) IM13IML+NC . \
IF(IP1.GT.NGILPL1=IP1=NC - ,
FIL(I)=FI(IML) +2, q-Psxxx*1a+o.zs-psx(x» -,
FIR(I})=FI(IP1) 2. 0*PSItI)=0.25*RSI(IPL)
IF(FIR(II LT, 0IFIR(II=FIS(T1+360.0 e '
IF (FTRCII=-FATLAIY) B,18,18 . * '
8 IF (FI(IV-FIL(IN) 10,10415 ° .
10 FIL(II=FIL(D) =360.0 .
GO TO 1A p »
15 FIS(I)=FIR(T) +360., 0 ﬁ' ’
18 XL(T)=FIL(D) .
XR(L)=FIR(T) X :

20 CONTINUE . L _ ) L
RETURN ‘ ' ’ .
auq _ E »

t r, " . .
L L ) o \ o

. SURROUTINE CHECK (XX, XLoxe) ™ D -
OIMZNSION Xx\iﬁ),XL(LG)-XD(iﬁk
REAL KST KWL, KW2,KH3 . .
COMMON NC40sKSI NP1 P JGR1sCR3,CRI+CTL, crz.cts.c=1.crz.
ZCF3,KH1,KW2,KHI,RS, T.DELTA.vi.vz ns.s.ax.av.vszR,Fr.Fr TQ
©fWRTQ VIR o
IF (NC.EQ.NM) GO TQ 9 -
CALL LI"ITS'XX'XLQXR) ! ) ' Y.
NCPL=NC+1 . rp'" ;o -
00 5 I=NCP1.N . N,
IF CXXC(I)=XLETIY) 64747 o,
XX{I)=XL (D)
IF (XX(I1=XR(I)) 54548 .
KX(TIEXR(T) Yo & Lo
conrtnyg . . :
CALL LTMITS.(XX,XL,XR} < - i
D0 10 I=14NC ;
IF (XX(I)=XL(ID) 11,10,10 ' v
11 XX(D)=xL () , N .Y ) . SR
CALL LIMITSIXX,XL4XR) _ O \‘ '
10 CONTINUE ST . .
00 15 I=i,NC ) S ) )
IF (XX(I)=XR(I)) 15.15.16 _ IS o
16 XX(I)=XR (I} , i \\\ ~ )
CALL LIMITS(XXsXL XR) . ~ - TN ‘
15 CONTINUE ) - . «
RETURN g . \
END o - : ~




. e

i

10

.12
i6

18
20
23
25

30

35

L0

5 COMMON NE® DyKSI \NyO1,P2," R1'CQ2.CQ3.CTl.CTZ.CT3.CF1.0FZ' ..

Vi 3 . ,
-\ ‘ . ' , 5
s \ ) 248
. o e )
i o ?
+ 1%y L] ' ‘

- f \ , } ‘ y{
SUSROUTINE MERIT “(X,¥) - : ?
DIMENSIGN X(L10),XX (1089 XXX ( ).xL(io).chio;.ec:».rr(:i.S(S)
£1PSI15)  FIL(5),FIRES) \FRIS).FTIS) ,FF(5),TA(5),0LFII5) 4 DELS(5) ? "
74CRO(5)4CTC(5) 4CFO(S5) \

REAL KSTpKWi,KW2,KW3 N .

/crx.nw1.xwz.xu'.as.r OELTA, Yl.YZ.Y3.S.KX RYIRZHFRLETy FF TQ
/OQTQ » R
PI123,1415926

RAD=PI/180.0 ) , . - :
D0. 10 JU=1,NC - ’ . ‘ o .
JCSJ’NC - . T 5
FI(Jr =Xt . ‘

8(Jr=X(JC) ‘ . . "
CONT INUE: 7~ . e ) i
00 46 I=1,NC : . / %
P = I ¢ 1 , ' , e ‘
IF (IP1.,GT.MCIIPL1=EP1~NC

OELFI(I)=FI(IP1=FI(T) i . - .
IF (DELFIC(IN) 12,115,145 _ . » . s :
DELFI(I)=0ELFI(I)4$360,0 ? e L j
S(I)™= DELFI(II*T/360.0 .. . e
CONTINUE Sl :

DO 18 I=1,NC ° . . Ty . . Foss
IPt =1 + 1 ' "

IF (IP1.GT.NG)IPLsIP1=NC o L -
“DELS(I)=S(IRL)=S(I) \ - .
CONTINUE ™ .\ : A : .
I=0 - - ' ,
I=7+4 .o FAM N 4 v
IF (S(I)=P1) 25,25,23 o v ’
If (B(I)-(P1+P2)) 30,30,35 -~
CRO(I)=CO1%a(T) ' , N
CTO(I)=CTL*R(I) :

IF (I-NCY 20,L0,40 . ‘ | b ' ;
CRO(I)=CP1%3(I)=CR2* (3(I)=P1) v Ca
CTO(I)=CTL*A(II+CT2* (8(I) =P1) . . : ,
IF (I-NC) 20,40,40 / RN . .
cao«xw~cn1‘nrz)-cqz~(a(t)-pi»-c23-%3(1>=¢91+pz,) B ¢
crocl)-cr1-sc1:+crz-(9(1)-91)«crs-(a(I)-¢p1+pzl) ;
IF (T=NC) 20,40,40 x , L ‘ .
CONTINUE & ‘ S T Y . -
00 70 I=1,N . :
J2=I ‘ v .

FRUI1 =040 ' o, CL y
FTIIV=D0.0 . \ - A ' x
FFIT)=0,0 A L .

s2aB(n) "y . S
J13J2 S ' . L N
Bi=0,0 Y . L
$S20,0 /" .. o ’ . : el ) e hoo
XN=0,0 . . . €
00 60 J=1.NC , e N . x :
KzI+d N .. A
IF (KeGToNC) K=K=-NC ‘ ' " et .
{I.E0.K) GO TO 65 ¥- : R R ’
TP (BLIZ RO 85,6550, - A PP |

B




S0 5S235+S(K)
XN=1.0 ¢
IF (B(K).LT.81) GO TO 60
IF (B(K1.GT.A2) GO TO 60
J1=K
B128(K)
CONT INUE
FR(I)'FR(I)*(C°0(J2)~CRO(J1)'XN)‘(S(I’*SS!“U.6:
FT(I)sFT(I)+(CTO(J2)-CTO(J1)‘XN)‘(S(IibSS)“ﬂ 8
IF (SS.EQ.0.0) GO TO 70
82381 N
J2sJjt
60. TO 45  °#s
CONTINUE
DO 107 I=1,4NC
F:(r$-rrtr$-qnn
CONT INUE
I=0
RX = 040
RY = 0.0
. Y3 = 0.0

108 I=T¢t
RXfRX+FR(I)‘COS(FI(I))-FT(I)‘SIV(FI(I))
'QY:RY#FR(I!‘SIﬂjFI(I))+FT(I)‘UO:(Ff(I))
Y3 = Y3+ABS(DELS(I)).
IFATI=-NC) 108,110,110
GONTINUE
v1 = AssiRx-%s3,- |
Y2 = ABS(RY) M
Y -(xwi-v1+xwz'v2¢xw3-v3»
RETURN
END.Y? < o

0

u.‘,




S

I | S—— oA T U A

\ ?

. SURROUTINE STATS (FI,Y,P.0) )
DIMENSION FI(S),X(5),2(5),B(5)43R0(5)1+CTO(S)CFI(5),F(5),
ZETI5) 4FFI5) 4 TNI(5) yDELFR(S) 4OZLFT (51 ,0ELFI(5) +5(3)
COMMON NC,DWKSI,N,P1,P2,0R1,232,CR3,CT1,CT2,CT3,CFL,CF2,
/CFS'KW10KH20K“3'QS|T DELTA'Y1'YZOY3'Sle'QY’RZOFRJFT FF.TQ
/,RTQ - N
pP1=3. 3&15926
RADZPI/180,0
¢ 00 1% I=1.NC z
IC=T1¥NC
FI(DY=x (D YA S T ) . o
B(I)=X(IC) : . v
DELFRII)=P*FQ(]) o :
DELFT(I)=Q*FT(I) . \
. “40  CONTINUE ' ",
‘ . 00 16 I=1,NC .
IPL =1 + 1 ) ¢
IF (IP1.GT NCIIP1=IP1~NC : ’
: DELFI(IN=FIC(IP1)=-FT(I)
. IF %DELFI(I)) 12,15,15 , ",
12 DELFI(I)=0ELFTI(I)+360.0 ‘
15  S(I) = DELFI(II*T/360.0 : T
- .16 CONTINUE N . %
L] I=0 Al N
20 I=I+1 -, . -
- IF (B(I)=P1) 25,25,23 \
23 IF (BLI1=(P1+4P2)) 30,30,35 ., ° .
25 CFO(I)=CF1%A(I) ,
CTO(IYI=CT1%3(T])
IF (I=NC) 204460 . @
30 CFO(I)=CFgeB(I)+CF2* (5(I)=P1) A -
CTO(I)=CTA*R (1)+LT2% (R(I)=P1) -
IF (I=NCY 20,040,040 \ ' '
35 CFO(I)= CFi'B(I)+CF2‘(B(I)-Pi)-Cr3‘(5(I)-(Pi+P2))
. CTO(I)=CTL*B(I)+CT2% (B(I)=P1) +CT3I*(3(I) = (PL4P2))
~ IF (IRC) 20440,40 :
. * %0 CONTINUE -
DO 70 I=1,NC P
_J2=I . "
) TFE(I)=0.0 Yo :
v TQ(IY=0,0 A
82=8(1) - o
4 W5 Jt=g2 : ,
' , . B1=0.0 -
E $S=0,0 § ‘ ) .
- , . XN=0.0 ) » .
00 50 J=1,NC '
K=I+J ’
~ IF (KeGT.NC) K=K=-NC
> If (I.EQ.K) GO TO &5
- 'YIF (B(J2)=BIK)) 55465,50
50 S$S=S5+S(K) )
XN=1.0 '
IF (B(K).LT.31) GO TO 60 \ )
IF (a(x).cr.az» 6o 1O 60
Ji=K
B1=8(K)

-

~ ¢

1 . iy
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60
65

a

16

11

32 -

LY

52

e~NoOWN

n
*

CONTINUE '
FF(I)*FF!I)O(CFO(JZ)-CFO(JI)'XN)’(S(I)*SS)“O.&E
Tntrasratrli((CTO(Jz)-cro«Ji’-xwy-t5(1)¢55)*'n«a»
7% (B (21 =R0J1) XN /2. 04 (0/2,02B¢I2)))

IF (SS.E0.0,0) GQ TO 70

82=R1

J2=J41

GO TO 45

CONT INUE |

I=0 .

RZ = 0.0 ' ) , )

RTQ=0.0 . i

I=1¢4

RZ=RZ+FF (1) ¢ N

RTQ=RTQ+TQ (D) - .
CIF(I=NC) 1agi4, 14

CONTINUE

00 11 I=1,NC

FICI)=FI(I)I*RAQ .

CONTINUE

I=0 b

VAQ)(:D.U

VARY=0.0

I=I+1

VARX= VARX+((UELFR(I))‘*ZD‘IICOS(FI(I)))“2¥+
ZUDELFTLIII*S2) * ({SINC(FI(I)))**2)

VARY=VARY+ ((DELFRIT))*%2)* ((SIN(FI(I)))**2)+
/ttofLFT(I))“2)“((00;(?1(1)))"’) :
IF (I-NC) ‘32,424,442 DR
CONTINUE , k
DELRX=SQPT(VARX) : ~ S ,
DELRY=SORT (VARY) . . :
EPS=0,000001 .

K=0 | , X
SUM=0.0 \
SM=SUN

K=Ked

SUM=DELRX+ IDELPX**2+0ELRY**2-SM%*2) /7 (2, 0*RX)

IF (ABS (SUM-SM) .GT,(ERS) GO TO &2

OELR=SUM

DELLA= ATAN(D:LRY/(RX-DELRX))/RAD

WRITE (61,5) o
WRITE (6146) DELR VT
WRITE (61,7) OELLA , \

NRITE (61+8) DELRX,DELRY
FORMAT (5X,* K = #,1I5)

FORMAT (5X,* R VARIATIN IN MAGNITUDZ KN = "Fiﬂoﬁ)'

FOIMAT (5X,* R VARIATIN IN OIRESTION DEG =*,F10.6)

" FOOMAT (SX,2Fi5,.BY
" RETURN

END \ | .

o
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TABLE A4.2
' DATA -SHEET FOR OPTIMIZATION OF PRELIMINARY TOSL DESIGNS
o . SOLID BORING TREPANNING
CASE # 1 2. 3 4 5
; NC 3 7 5 3 3
: N_ - T 9 3 3
g NP » 1
n NR 100 .
| — T 55542 3 105283
} PI 9.4403 9.333
P2 13,221 3.333.
KSI ) l.1 s
[ CRL 3.06 2073
CRZ_ 1.002 2.038
CR3 . 7.14 o 2.7495
CTL 1.7355- . = 1.7355
‘ CT2 0.00 0.0
\ CT3 0.261 0.0
v, ROW 0.5 . ~
¢ { DELTA 0.1 -
RS 4.50 " 3.50 i
’ [~ KWl . ' 2.00 3.00
KW2 5.00 B 4.00
KW3 10.00_ 10.00 -
T ‘ 0.3
F . 0.00L \
X(1) 50.00 | 45.00 | 20.00 | 30.00 | 45.00
X(2) 180.00 [125.00 | 85.00 |150.00 [135.00
@ X{3) 285,00 205.00 |T45.00 [270.00 [225.00_
X(4) . 18,00 | 305.00 [205.00 | 28.0Q [315.00 )
: X(5) 15.00 | 15.00 1265.00 | 28.00| 28.00
X(6) 28,325 15.00 [ I5.00 | 28.00 | 28.00
X(7) ~ 15.00 | 15.00 - 28.00
X(8)_ 3 28.321] 15.00 = 28,00 ,
X(9) = - [ 15.00 - = y




'DATA SHEET FOR O

TABLE A4.3

PTIMIZATION OF THE THREE TOOL DESIGNS

SOLID BORING TREPANNING
TOOL NO 1 \ 2 3
NP_ ‘ * 1
| NR 500
D [mm] 56.642 105.283 105.283
Pl [mm ] 9.440 9.333 9.333
P2 [mm 13.217 9.333 9.333
KS1 1.1 1.1 1.1
CRI ~° 0.4852 0.4852 0.4852
CRZ 0.1587 0.321 20.321
CR3 1.0137 0.4367 0.4367
CT1 2. 41 2.41 . 241
[ CT2 0.0 0.0 0.0
CT3 0.3855 0.0 0.0
CF1 1.4931 1.4931 1.4931
CF2 - 0.0425 0.0682 0.0682
CF3 -~ 0.3527 0.01525 0.01525
ROW . 0.5 0.5 \ 0.5 .
DELTA 0.1 0.1 0.1 |
RS LKN ] 3.0 3.5 7.0
KWl 2.0 3.0 3.0
KW2 5.0 1.0 . 4.0
BCE 10.0 10.0 10.0
T [mm] "0.22 0.22 0.22
F__ 0.001 0.001 0.001
ZETA 0.5 0.5 0.5
C ~ 0.4 0.6 0.6
BL | 12.5 f 28.0 28,0
BR | mm ] ~18.88 28.0 28.0
P 0.215 0.215 0.215
Q" 0.08 0.08 0.08
ALFA 40.0 —.40.0 0.0
) »
N
<L s %\‘ -
. e
D " .
e
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S

TATAL MO OF FUNCTIONAL EVALUATIONS = .78

LAPGEST MERIT ORDINATE = =¢309201 .

NJMRER OF RASE EVALUATIONS = 32 ” T

0ULGINAL STEP SIZE = «100000 .
; FINAL STEP:SIZE = . 000711
¢~ RIDUCTION FACTOR FOR STEP SIZLw .«500000

FIACTTONAL REDUCTION OF UNCERTAINTY = . +001000

b6427266 -.34920 p .
K =, 9 v

' o
R VARTATIN IN MAGNITUDSZ KN = 1.242607

4 R VARTIATIN IN QIRECTION OEG = &.526218
14227043 536165

RX CUTTIMG FORCE COMPONINT = 5.000039
RY CUTTIMG FQORCE COMPONENT = +000017
RZ CUTTING FOPCE COMPONINT = 21.231418 . i \
RISULTANT TORQUE RTQ . = 348.887108 S .

- RANIAL CUTTING FORCES FR(I) = +982958 1.,456268 + 628528
JTAMGENTIAL CUTTING FORCES FT(I) = 34536240 5.9%44%91  14,376382
FZED CUTTING FORCES FF{I) = 3.403797 "  S.465181  12.3614293

. L .,
CUTTING TOPQUES TQ(I) = 764821706 112.475710 159.589592
EFFECTIVE CUTTING' DEPTHS SI(I) = -+ 061792 +073963 « 079244

‘

’

10.39.e§.nsn90. &b ‘ .

10.,39,58,%% V. LATINOVIC *#=
10+39,58,ACCOUNT,CARSKS5 4, .
10.3". 59, FTNcﬂPT= 0.

10.40.30. 7,084 CP SECONOS COMPILATION TIME co
10.40430.LG0. N .
10,40.57, STOP

» !
10,40.52. 4.651 GP SECONDS EXECUTION TIME
10,4057, UEAD, 0.001KUNS, -
10040, 524 UEMS, 14050KUNS . ’ k &
10,40, 52.VECP, 13.064SECS., \ ; Bl 8
. 10440.52.4ESP, £5.572UNTS,

10,43, SE.UCLPy 23 1.098 KLNS., i . ’
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TABLE Ad.4 ‘

3

. DATA SHEET FOR CORRECTION OF Tg?/THREE TOOL DESIGNS

SOLID BORING { ., TREPANNING
’ - k
TOOL NO . ! \ 2 3
NC . 3 3 2

D Lmm] - C6.642 J105.283 , 105.283
Pl [mm] - 9. 440 9.333 9,333
P2 [rmm] . 13.217 9.333 9.333
CRI 0.4852 0.4852° 0.4858 |

[ CRZ 0.1587 0.321 0.321 |

~ €R3 1.0137_ 0.4367 0.4367
CTL 241 2.41 - 2.4
CT2 0.0. - 0.0 0.0
CT3 0.3855 .. 0.0 0.0 .
Crl T.4931 1.4931 1.4931
CF2 0.0425 0.0682 0.0682
CF3 . -~ 0.3527 0.01525 0.01525

“B(L) Lmm) 14.7 1~ 28.0 28.0
B(2)  Lmm) 18.88  28.0 28.0
B(3)  Lfm] 28.321 28.0 -

" FI(1) LDEG|] 46.3 44.0 «24.7
FI(2) LDEG] 147.4 188.4 189, 1
Fi(3) LDEG] 276.6 275.7 T -

T [mm] 0.22 0.22 - 0.22
P ) 0.215 = 1 0.215° 0.215
Q ! 0.08 0.08 " 0.08

&

]
t
-




ANGULA® LOCATIONS FE(I} .= 444832327
\ « FGUTTING WINTHS 81y = 14.700000 .
. ZEFECTIVE-CUTTING DZPTHS S(I1 = 1056167
. 9ADTAL CUTTING FORCES "FR(IY = 1369047
TAMGENTIAL CUTTING FORGES FT(I) = 3.539299
FSED CUTTING FORCES FF(I) . =, 3.411678
. BUTTING TOROUES “TN(I) = T4, 222607
- RYX CUTPING FOPCZ COMPOMINT = 7.094589
. ' - RY CUTTING 'FOPCE COMPOMINT = " =.000000
- / 27 CUTTING FORCE CQOMPONENT = 20066344
. 9ISULTANT TORQUE RTQ ° = 324,183757
'|(= o
] ! R VARIATIN IN MAGNITUDE KN =  1,147075, .,

“4,763078

.

/+ R VAFIATIN IN OIRECTION DHG
1 14132049 YN
. \ ) L ° ) }

.
| C . .
; : i ¥ ‘

7 10438,5L.ME890,T20.
10.38.54 . *V. LATINQVIC*~
10438.54 ¢« 8CCOUNT,CARSKSS 5.4

. 10.38,56.FTN,0FT=0, S

18.39,07. 2.406 CP SECONDS conngATIeNJTInE

, **EXPRESSA®

10.39.08.LG0,

RESULTANT TOQRQUE,RTQ
K = i2
R VARIATIN I

954 ,096483

4
! . 16,39, 14, STOP - .
{ 10,39, 14, 2062 CP SECONDS EXECUTION TIME:
; 10439,14 4 UTAD, T 0.001%UNS.
§ 0 10.39!'1“.UEHSQ 0.57BKUNS. b .
'g 10439, 46, UECP, 3.652SZGS.
% - . 10.39.16LAESR, S.156UNTS. | ¥
' . 10.62.91.UCLP, 23, 0.337 KLNS.
H
{ , c,
l - ' )
: - ANGULAP LOCATIONS FI(I} .= 22,651554
CUTTING WIDTHS 8 (1) = -28+990600
EFFECTIVE CUTTING DEPTHS S(I) = 088201
; RANIAL CUTTING FORCES - FR(TY = 725956,
i . "~~~ TANGENTIAL CUTTING FORCES FT(I) = 9,576649
P : FZED CUTTING FORCES FF(T) 2 8.862046
[ GUTITING TOPQUES TO(I) s ' 373.920219
i RX CUTTING FORCE COMPONENT = . 34279244
| QY CUTTIMG FORCE COMPONINT = -.000000
% R7 CUTTING FORCE COMPONENT = 23,458248
i -

872873
19,911 366

QVHAGNITUDE'KN

R VAFIATIN IN DIRECTION DEG
308039

«TT2366

145,932327

18.,880000

071778
1.38281¢%
5.531094
5.159666
" 106.432586

<
®

L]
[y

157, 051564
28,000000
«053350

$ 523421

He 469677
6.389614
249,998032

¢

'

275, 132327
28.324900

. 072055

. 56T
13.148768
114495000
165, 534524

254, 351564

T 28.000300

+0784086
«B72253

©. 84803443
8.206549

340178232




o e v = ——— M, O ki i, e

o

4

11.21.%1.ME890,720,

.
1

11.46,10,MERQO,T20,

R VARIATIN IN OIRECTION DEG =
« 710439

1.137880

V4

o

114040, *V. LATINOVIC*

1104, 10, ACCOUNT,CABSKSSo-
114611, FTN,L=0.

1106, 19, 2.443-CP SECONDS COHPILATIDN TIME
11444 19,L60, . , .
11,664,206,  STOP e 4

1144b, 260

11,44, 24 UEAD,
11,44, 26 UEMS,
14,46, 26,UECP,

11444020, AESR,

11,44, 31,UCLP,

9.583938

»»EXPRESS**'
iV

«046 CP SECONDS EX’CUTION TIME

0.001<UNS,
0,494KUNS,
3+546SECS,
5+025UNTS,

?3, 0,081 KLNS.

' PHEXPRESS®* .
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'CUTTING WIDTHS \ = 28,000000 23,000000
CEFECTIVE CUTTING DEPTHS 5«1) = «130656 w08934k
RADTAL CUTTING FORCES . FR(I) = «936904 + 734826
TANGENTIAL CUTTING.FORCSS FT(I) = 13.245775 9,773027
,FEED CUTTING FORCES FFII) = 11,437216 8.933695
CUTTING TORQUES TQII) = 511.836621 377.644k435
RX CUTTING FORCE COMPONSNT = , 7.643477 “ %
RY CUTTIMG FORCE' COMPONENT = +000000 K
Q7 CUTTING FCRCE COMPONZINT = 20.370912 )
RESULTANT TQRQUE RTQ . = 8839,481059 ‘ 3
K = 4 . ~
R VARIATIN IN-MAGNITUDS KN = « 788394 ' ]
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.- APPENDIX V

LAYOUTS' AND DETAIL’ DRAWINGS OF THE THREl;:‘.
OPTIMIZED MULTI-EDGE HEADS
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