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Abstract

Modern machining strives for higher levels of metal removal rate, quality of
machined parts, process safety, and automatgdoiress control. All thesfeatures
dependjnter alia, on the success of chip control. While many kinds of-tingaking
systems have been developed, their designs have mostly utilised human intuition based
on empirical knowledge with little theoretical underpinning. Consequeitlig
required levels of robustness and reliability of chip control has not been achieved yet.

An essential part of the theoretical underpinning needed for chip control
concerns chip geometry. It has long been known that chips are usually born curled
althaugh the curl state may be modified by subsequent encounters with obstacles.
Further, continuous chips are helical (at least instantaneously) at birth. Hence, the
study of helical chip geometry is of fundamental importance to chip control.

However, attempt to apply existing theoretical knowledge about chip
geometry to the solution of a chip control problem by the author revealed some
fundamental inconsistencies. Therefore the author attempted to develop a more
rigorous and extended theory. This thesis diess the results. The focus of this work
is on steady state continuous chips produced with flat rake face tools. The study aims
to gain insights into the geometry of the generalised chip face (the chip surface that has
been in contact with tool rake) thaitherto available and the associated implications
of practical import.

First, the notions of upurl and sidecurl radii of 3D chips are reexamined
and it is shown that current views on-cyrrl estimation are erroneous in part. As a
result, a new anadys of 3D chip helices is developed and extended to cover the entire
chip face. Several previously unrecognised implications of the analysis are identified.
One of the most useful implications concerns how one may obtain knowledge of the
geometry of the lip-in-process from measurements of the éhihand. The analysis
is then extended to chip geometry modifications resulting from encounters of the chip
with an external obstacle. It is concluded thatditkecurl curvature of thin and wide
chips is likey to be preserved during further chip deformation caused by an obstacle, if
any. Next, the geometry of the chip face that had been in contact with the tool is
analysed. Thus, a link is established between the geometrp ah®p form and chip

formation paameters, such as techip contact length, related to phenomena within



the chip formation zone. Finallyheoretical predictions from the new geometric
analysis are validated through experiments including cutting with obstridgpen
chip former and chigyuiding groove, manual chip deformation, and video camera
studies of chipsin-process in the context of tube and bar turning under a range of
cutting conditions.

The proposed geometric analysis can be used in solving chip control
problem&2from the studyof chip-in-hand and chin-process to planning of chip
progression. It may also be used for further development towards chips produced by

tools with curved rake faces and>3rregular chips.
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Chapter 1

Introduction

1.1  The importance of machining
Amongst the various manufacturing processes, machining continuous @ hold

unique position. This is partly because machining makes a formidable range of shapes,
sizes and component materials available to the industry [Armarego 1993b]. Further,
machining operations can produce components with high geometrical accuracy and
very good surface finish. Because of these features, many other part shaping processes
rely on machining for producing the associated jigs, fixtures and dies. Hence, it is not
surprising that machining accounts for up to 85% of the shape production processes

usal in industry.

1.2  Machining environments

A wide variety of machining operations (boring, broaching, drilling, gear
cutting, milling, tapping, turning, etc.) is available to suit diverse production needs.
Each operation is associated with a common tgpecutting tool geometry and
machine kinematics.

Early material removal machine tools, although powered, were essentially
manual in the sense that they depended on operator dexterity to control the various
machine axes. Such machines continue to be wsdovi volume production.

Subsequently, machines for higher volumes were developed through the
incorporation of tool turrets, multiple work spindles, limiting of axis motions through
end stops, control of machine axes through-ogerated mechanisms, efdl these
developments were essentially mechanical in nature.

By 1950s, electronic and computer engineering had matured sufficiently to
enable numerical control (NC) of the motion of machine axes. The development of NC
machine tools has formed the basisimproved productivity through '‘programmable
automation' whereby the component form could be controlled by changing the
computer program. Thus, today, CNC machines dominate manufacturing shops
engaged in the production of complex components in smathaédium production

volumes.



The emergence of CNC coincided with other changes in the global
manufacturing scene. In recent years, the world of manufacturing has been facing ever
increasing demands for higher product variety and quality at-dm@easing
production costs and times. This has meant that modern manufacturing systems need

to become ever more flexible and agile.

1.3  Problem of chip-control¥2 a major hurdle to unmanned machining

It is evident from the previous section that progress in machiestqblogy is
characterised by rapidly increasing levels of automation. This is particularly important
in CNC machining since these machines are usually quite expensive. The economics
of CNC machining is such that one needs to ensure that the machinaabyact
engaged in material removal for a much greater proportion of the time than while
machining with traditional machines. For instance, it has been estimated that CNC
machines need to be cutting for at least 77% of the of the total available production
time which is in stark contrast to the figure of 6% usually quoted for traditional
machines [Armarego 1993b]. Further, in view of the relatively high cost of CNC
machines, it is desirable that these machines are utilised all 24 hours available in a day.
All the above points to the compelling need for achieving unmanned machining.

Modern CNC machines incorporate a variety of features such as automated
tool and work changing devices,-ne monitoring and diagnostics, etc. for achieving
unmanned machining.ddvever, there is one problem associated with machining that
has defied satisfactory solution so far. This pertains to our inability to break chips
reliably across a wide range of cutting situations.

A machining operation achieves the desired part shapmmyerting excess
material into chips. These chips may be continuous or discontinuous. The former
variety is more prevalent in metal cutting. These chips usually tend to tangle into
tighter and tighter webs as machining proceeds. In time, usually witbomdg a
situation is reached where the operation needs to be interrupted so that the offending
web of chips could be cleared from the working zone. The web of chips is usually
removed manually by the operator since it is quite difficult to mechaniseaks
Thus, the need for periodical manual removal of entangled chips from the cutting zone

continues to be a major hurdle in the realisation of unmanned machining of metals.



Modern machining is characterised by ewv@reasing cutting speeds owing to
the continual development of better tool materials. However, as the cutting speed is
increased, chips usually become thinner, longer and more elastic. This means that chip
tangling becomes an even messier problédonsequently, nowadays, there is
extensive nee for a reliable chipgbreaking technology so as to increase machining
productivity in general and the utilisation of CNC machines in particular.

Looking deeper, historically, developments in machining technology focused
first on chip control whereas chipeaking attracted attention and became pursued as a
way of solving the original problem. Actually, while modernising machine tools,
industry has aimed to pass the cutting tool through greater and greater distances along
the work surface in a shorter duost thus aiming to achieve higher accuracy of the
machined surface and decreased machining time. This has meant that steps are taken to
ensure that the inevitable faster chip production that follows this development does not
destroy the machining procesShips need to be collected and cleared from the
machine tool. Therefore chip control becomes a critical issue when the formation of
chips is swift.

Another factor resulting in increased demand for chip control arises, in
particular, in heavy duty cuttingSuch cutting has become increasingly prevalent
through the development of machine tools with greater rigidity and the creation of high
strength cutting tool materials. Here, the problem of chip control arises mainly because
of the thick continuous chipstained while cutting ductile materials. Large forces are
generated while such chips break.

There are two major approaches to solving the problem of chip control: (i) by
ensuring that the continuous chips produced belong to a set of desirable forms, or (ii
by breaking continuous chips into appropriately sized pieces.

Early studies on chip control, however, seem to be concerned with chip
breaking and can be traced to the time of appearance of tungsbete cutting tools.
Thus a sympos i wbmakifigaplong &ddavy chips incadnt to the use of
tungsterc ar bi de cutting toolso was reported in
met hod of breaking up chips in those days
piece of rectangular steel in the ltquost on the top of the tool. While chips of
ordinary steels could be broken with comparatively little effort, the problem became

serious when it came to machining nickel and other alloy steels. The 1930 study



forecasted that fAi e ofimachisedools and thehnereasingzuse and |
of alloy steels wild/ make the matter of <ch
Thus inquiries were sent out to people in England, continental Europe, and the United
States of America asking for informatiom experiences in chip breaking. A patented
chip breaker with ground shoulder to curl and break chips, disk and roller chip
breakers, as well as an idle revolution of workpiece to drop chips, were reported at the
symposium.

Eight years later, in 1938, aher global symposium conducted in three parts
was initiated again by the nf-é@.mBgthattanen Mac hi
owing to developments in carbide tools, machine tools capable of high cutting speeds
had become widely available. The sympasigorrelated the chip control problem
with A[the] rapidly increasing application
and boring operations é at the high speeds
Mach. 1938a]. Further, according to [Am. Mlac 1 9 3 8 b ] A[li]n the ol d
steel was often clamped to the tool holder in order to deflect and break the chip. The
operator would stand nearby with a wrench in his hand and break off any chips that did
not strike the breaker. Turning speedsthinse days, were relatively slow and this
could be done with safety. Present day cutting speeds make this impractical, if not
i mpossible. o The symposium found that Achi
curlers are most i maondtadvi sbeénficatti oag i
and use of chip breakerso. I't has been rec
impedes chip flow and chip removal from the cutting point of a tool may be a source
of real trouble in the form of poor finish oven tool breakage, if the greatest care is
not observedo [ Am. Ma c h . 1938b] . Anot her r
chip breaker is not applicable to all turning and boring jobs; each set of conditions
mu s t have separate c &mwofscutdfeed per rewlntion ancand At |
physical characteristics of the material will greatly affect the form of the chips. These
factors, in turn, serve to determine the f«¢

Following the works referred to above, there were yrattempts world wide
to incorporate one or more grooves and/or steps on the tool rake face (see Figure 1.1)
SO as to attain acceptable chip form or a chip flow state that is conducive to chip
breaking. Proper selection of cutting conditions was also nesed) as a method of

controlling the chips, but the approach was later disregarded mainly because (i) the
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conditions are dictated by effectiveness of the main process i.e. forming of the
workpiece surface whereas the chip is merely-prbguct and (iijt does not lead to
reliable chip control.

By early 1950s, it had become quite clear that the design of chip breaking
features was a balancing act. A[T]J]oo | i ttl
stage, ... too much chip breaking producesnflgi chi ps which are a
[Henriksen 1954]. It is therefore essential that the -bihgaker dimensions are
properly set for a given effective tool geometry and cutting conditions. This poses a
problem in CNC operations where the effective geomeatiy cutting conditions vary
continuously within a machining operation.

The strategy of achieving chip breaking through the incorporation of a carefully
designed combination of grooves (troughs) and steps (bumps) on the tool rake face
continues to be preminant even today (see Figurdl). Almost all tool insert makers
have proprietary chip breaker designs developed on the basis of intuition and
considerable offine experimentation. However, in practice, each such chip former
design is found to be efféee only in a narrow range of cutting situations. Further,
owing to the absence of a systematic theory of chip form development, the design of
these chip formers has remained -Blne exper.i
approach has resulted in a niglatnsh (and, as some believe, purely market driven)
proliferation of inadequald¥]ly tested insert

As it had been recognised already in 1938, it is important that thdcdager
dimensions are properly set for a given effective gwametry and cutting conditions.

This poses a problem in modern CNC operations where the effective geometry and
cutting conditions vary continuouslyithin a machining operation. Different methods
have been tried to solve this chip control problem by medragents external to the
cutting process and hence independent from the attributes of the process itself. First,
pneumatic striking of chipvas tried [Vlasov 1965]. Next, vibrators were attached to
the cutting tool to produce discontinues chip througgiliatory cutting (e.g. [Ostwald
1967]). Other methods of chip control where long continues chips were guided on to a
chip winding reel or a pair of shears were patented in Japan and USA [Kimura 1977,
1978]. A method of achieving chip control by passingtrang electric current (from

30 to 640 A) through the cutting zone was reported in [Avakov 1984]. Studies on

influencing the chips through a higinessure jet of fluid started at least from 1973



[Nagpal 1973]. Development of higiressure equipment all@a one to increase the
pressure of the fluid jets and, in 1991, a 40,000 psi (276 MPa !) stream of distilled
water was tried (Water Jet Assisted Machining (JAM) process, [Jablonowski 1991]).
Jet breaking attracted much attention in 1992 through the devefapf Flojet. This
solution to the chip control problem aimed to blast chips by a stream of pressurised
coolant (up to 6000 psi) and a parallel stream ob CO ef er r e dpressore as A hi |
cryogenic cool ant fl owo) . The rcRllydy ect pr c
Productivity Experts Inc (Cincinnatti). The reported cost of a Flojet unit for a single
NC lathe was $60,000 to $70,000 [Zdeblick 1992]. However all these unconventional
techniques, although claiming to provide universal chip control, actyslgaa to be
very particular solutions because of the associated high cost, low cutting safety and
guality, etc. Hence, a predominant proportion of the machining industry continues to
attempt to achieve chip control through the use of properly designedgctabl
inserts.
More recently, it has been suggested that it should be possible to achieve active
chip control by controlling the location and orientation of an obstruction type chip

former relative to the cutting edge (see Figure 1.2) in response thifhform

Figure 1.2  Active chip control [Venuvinod 1996]

detected by a set of dime sensors [Venuvinod 1996]. However, a prerequisite to the
success of this approach is the availability of systematic methods for decognih@sin
geometry of a given chip form into a set of basic elements which can be related in a
meaningful manner to (i) the process of chip breaking on one side and (ii) to the

process of chip formation itself dhe other side.



Developing the proper notionabout the geometry associated with the
phenomenon is the initial step in study of any mechanical phenomenon. This is true
with respect to the chip control as well. What we want in chip control is basically the
control of the geometric attributes of chiprfe However is our present knowledge
about the geometry of chip forms correct and comprehensive? The next section will
address this question and comment upon the scope of chip form geometry in the
context of chip control. The discussion will focus on atwptrol by means of cutting
tools with specially designed topographies as commonly used nowadays [Sandvik
1994].

1.4  Knowledge of chip form geometryz a prerequisite to effective chip control
It has |l ong been recogni sedamishomér. t he t e

Following close studies of the chip breaking process, [Henriksen 1954] noted that

3t

[t] wo chip br eak eflowscirclelisaekigume 4.3],twill ereakha me c hi p

chip in [practically] t he samenotmgthater . 0 He

Aithe chip breaker does not break the chip,;

bending the chip..., whereas the actual breaking is a secondary effect, which requires

(a) the flow of the curling chip meet an obstacle, and (b) that tipehetve so much

rigidity that a breaking pressure can be bt
It is clear that if we wish to control chip breaking we need to control the nature

of encounter between the chip and the external obstacle. The external obstacles will

vary from one cutting situation to another. This implies that we have little control on

the external obstacle. Hence, the only course we have left is to control the chip form

and path prior to the encounter. How can we do this? The classical solutios to thi

problem has been to control the form and path of the chip as it leaves the tool rake

face, i.e. prior to the moment the chip impinges upon whatever external obstacle that

happens to lie closest in its path. If the cutting conditions and effective toolegesy

are expected to be constant within a cutting operation, this may be effected by

selecting a tool insert with a set of troughs and bumps on the tool rake face that ensure

that the chip meets an acceptable obstacle in an acceptable manner. Hovgewél, th

not suffice during CNC machining of complex profiles where the effective tool

geometry and cutting conditions (cutting speed, feed and depth of cut) vary

continuously during the machining operation. Venuvinod and Djordjevich hoped to



Figure 1.3 The chip flow circle (adapted from [Henriksen 1954])

Figurc 1.4  Chip-in-process (adapted from Henriksen [1954])
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solve ths problem by controlling the position and orientation of a ctamghip
breaker in real time (see Figure 1.2) [Venuvinod 1996].

Chip breaking interrupts chip flow thus allowing the chip pieces drop into a
chip collector placed at some distance from thp &brmation zone. An alternative to
chip breaking is to try to form continuos regular helical chips with proper radius and
pitch so that the chip can be Aconvenientl
[Henriksen 1954].

The present thesis will focus the geometry of chip face (the chip surface that
has been in contact with tool rake face and that is more smooth) since this determines
the chip form.

However, it must be noted that some authors have recently suggested that it

might be better to focusn the physical state of the chip rather than on its form. For

i nstance, Ast akhov saidd t he foll owi ng: f
classifications originate only from differences in the chip appearance but pay no
attention to the physical statd the chip, including its state of stress and strain,
hardness, textur e, et c. € T h upsocesstnétlge k n o wn

rather than being of a help in makingqmeg ocess deci sions about
[Astakhov 1999].

Notwithstanding omments similar to those made in [Asthakov 1999] and
summarised above, the present author firmly believes that understanding chip form
and its classification is the key to successful cutting of ductile materials. Moreover, the
present thesis will show thttere is still much lack of knowledge concerning how one
Sshould describe the geometry of the #dAchip
correct understanding of the geometry of
information concerning how weay validate our notions about the physical state of a
chip and hence topmakesmodeccoeipbpaeasd. ipre

A chip that has arrived at the chip collector pan is totally disconnected from the
cutting process. It can be picked by hand and manipwetbdut any reference to or
influence on the cutting process that has produced it. Such a chip will be referred to as
the chip-in-hand (CIH) in the present thesis. Further, the state of the chip prior to the
chip acquiring the form of CIH will be referréd as thechip-in-procesqCIP).

Returning to Figure 1.4, we can recognise four important locations along the

face of a chign-process (CIP):

(
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1 Location E represents the primary zone of chip plastic deformation or
equivalent cutting edge (that will be defd later in Chapter 2). It has been
generally believed that the chip 1s
detail later in Chapter 5).

1 Location C represents the end of chip tool contact areathieetool chip
separation ling TCSL).

1 LocationB represents the line or point of contact between the chip face and the
clamp-on chip breaker (curler). The question of this locatitmes not arise in
the absence of a clargm chip breaker.

1 Location O is the line or point of contact between the chip &and the external
obstacle.If there is no significant obstacle encountered by the chip after it
passes location B (or C if there was no location B as well) we refer to such
chips as Afreeo chips [Kluft 1979].
Having recognised the above four geneoalations on a chip, we can divide

the chipin-process into four segments: EC, CB, BO, and beyond O. In general, the

geometry of the chip face and form changes from segment to segment.

Chip segment EC (including the shear zone asHh) thezone of (3D) chip-
form-birth (CFBZ). Much of classical research on metal cutting has focused on this
zone. There have been many analyses of the stress, strain, and temperature
distributions across the primary deformation zone and thectoplcontact (secondary
deformation) zone (see Figure 1.5). These phenomena combine to determine the shear
angle, chip thickness, chip velocity, etc. assumed by the chip. It is now generally
agreed that the normal stress distribution over EC has its maximum at some location
close to Eand rapidly reduces to zero at Whereas some-R chips can demonstrate
their forms immediately after passing location E, in gener8l,cirl of the chip face
appears only after passing location C and, hence, we consider the CFBZ to be
extending up todcation C.

The CFBZ ends at the tool chip separation line (TCSL). [Nakayama 1978,
1992] assumedhat the TCSL is a straight line when the tool rake surface is plane. It
will be proved later in Chapter 1 that the TC8LUstbe a straight line if the chip fim
starting from C is helicalDepending upon the thermmechanical conditions within
the CFBZ, the chip crossection at th& CSL will have a certain velocity distribution.

[Nakayama 1978, 1992] pointed out that this distribution will uniquely decide the

6bo
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Figure 1.5 Plastic deformation zones in cutting (adapted from [Stephenson 1997])

geometric form and path of the chip immediately upon separation from the tool rake
face.

Depending upon the theramechanical conditions withithe CFBZ, the chip
crosssection at the TCSL will have a certain velocity distribution. [Nakayama 1978,
1992] pointed out that this distribution will uniquely decide the geometric form and
path of the chip immediately upon separation from the tool rake face.

But, what factes determine the exact form of the chip upon exiting from tool
rake face? Clearly, if the chip does not experience any ptisticmation after it exits
and there is no elastic deformations that lead to significant bending of the chip, the
velocity distribution in the chip would be frozen in the state it was at the TCSL, i.e. the
chip will move as a rigid body after exiting from the TCSL. As [Nakayama 1978,
1992] have argued, such a rigid body motion will lead to a helical chip form and path.
Therefore, otaining a rigorous and detailed understanding of the geometry of helical
chips is a prerequisite to rational chip control. One of the objectives of the present
thesis is tadevelop a more detailed and rigorous understanding of helical chips than
hitherto available.

It has been noted above tlaathip that has experienced no plastic deformation
subsequent to exiting from the tool rake face while elastic deformations, if any, are
negligible will assume a helical form and path at the TCSL as if it was oh bigply

motion. A chip belonging to this particular class will be referred to dighdly
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obstructedchip and its segments starting at the TCSL will be referred tocagpa
born-formed(CBF).

Consider now some useful notions concerning lightly obstrucheols and
chipsbornformed.

Lightly obstructed chips are those chips that have not experienced significant
plastic deformation subsequent to exiting from the tool rake face although they may
have experienced some significatastic deformation (springhips). Therefore the
chips being released recover the form 06i mj
CFBZ.

It is important to distinguish between two situations leading to lightly
obstructed chips. The first situation arises when the chip is tataltpnstrained
beyond the TCSL. This occurs when there is no-stee chip breaker (or another chip
guiding device) and the chip encounters no external obstacle in the immediate vicinity
of the cutting zone (owing to the stringy nature of chips, distastholes like the chip
collection pan will have little influence). Usually such chips, when produced by a
cutting tool with a flat tool rake surface
other situation arises when the obstacle (or chip curler3 daase a loading of the
chip but this loading is of such a magnitude that it is absorbed by appropriate
adjustments in the stress/strain distributions in the CFBZ. In such a situation, the
obstacle (curler) will cause a change in the velocity distribwimh hence, a change
in the form of the chip (with respect to the natural chip state) immediately after exiting
from tool rake face. However, if the elastic deformation experienced by the chip after
passing the TCSL is negligible or uniform along the cking new form will also be
helical. Clearly then, l ightly obstructed
having only segment CB) as well as nforced
or segment CO) chips [Kluft, 1979]. TheBform of a lightlyobstructed chip is born
at the TCSL. If the elastic deformation of the chip subsequent to exiting from the
TCSL is small (i.e. if the chip is not flexible), the chip face form will be the same
everywhere beyond the TCSL. Such a lightly obstructed chimpiis fcompletely)
formed. (Note that, to experience significant elastic deformation but little plastic
deformation, the chip must be springy.) If there are significant elastic deformations of
the chip after passing the TCSL, the forms of such flexible chilbde different in
general in segments CB, BO and beyonrid @though the chips could still be helical.
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If such a chip experiences varying deformations after passing the TCSL, the chip in the
CFBZ will be irregular in form although it continues to be aamng lightly
obstructed.

Experience with machining operations shows, however, that a significant
proportion of practical chips aneot lightly obstructed. Such chips arise when the
loading due to the effect of an obstruction is of such a magnitudet tbatnot be
plastically accommodated through changes in the stress distribution within the CFBZ.
Therefore, there will be further plastic deformation after the chip has exited from the
tool rake face or the chip curler if the latter exists. Eventuallyirtbeeasing plastic
deformation can cause breakage of chip outside the CFBZ. The geometric form of
such a chip (prior to the breakage, if any) in segments CB, BO (or CO, if there is no
B), and beyond O will be different at least from the initial helicainfdmorn at CFBZ.
Therefore such chips are not born (completely) formed.

The notion of Aborn formedod chips descr
of early proponents of thé c hi p i s theory. (Thisctheory véllché reviewed
in greater detailn Chapter 2.) The theory assumes that chip curl is plastically born in
the primary deformation zone (see the zone on Figure 1.5). Generally the primary
deformation zone overlaps the secondary zone of plastic deformation. However, we
can always extrapolathe upper boundary of the primary deformation zone from
upper layers of chip (where, usually there is no secondary zone) toward the tool rake
face. Hence, our location E just marks the boundary on the tool rake.

Hahn [Hahn 1953] presented evidence to stiwt chip curl is plastically born
at the primary deformation zone. However, even today, discussion continues about the
priority to be accorded to the factors involved in the process. In the present thesis the
aut hor uses t he 0Dbor s that subseguahtdthennal phaseand a
transformations, if any, and thernsttesses do not significantly affect chip curl.
However, it is suggested in this thesis th
fully developed at the moment it exits from theinpry deformation zone. In
particular, while the side curl might be fully visible immediately beyond the primary
deformation zone, the up curl might not have manifested fully until the chip has exited
from the tool rake facar(tbthevitleér me exipdai a1l
may therefore say that the chip birth at the primary deformation zdager birth

whereas the actual birth happens at the TCSL. In comparison to the corresponding
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wel-kk nown t ebomc dirclhe o , t h @-bomet ovr meddn dmmhasi s
t he full d e v el opourkatthe tamlfchiptséparationHine [§i.6. svith@ut
further changes in chip form at segments CB, BO and beyond O). Evidently, a chip
bornf or med s | ike fa rigi dis IWoldp 76] ihthegener al
motion is uniform.

Consider now chip segment CB, the portion of the chip between the TCSL and
the line/point of contact between the chip and the caifer.(This portion needs to be
considered only when chip form control is achktlerough a stepype chip curler.)
Usually, with a properly designed chip former, the moment caused by the reaction of
the chip curler on the chip (applied to the chip at location B) is fully transmitted to the
primary deformation zone, the primary zoseable to adapt the chip form to cause a
smaller reaction force at the contact zone between thecanigr and the chip. Hence
segment CB of a chip tends to be lightly obstructed. Therefore, often, the chip form at
CB will be a segment of a uniformly hedil surface if the process of chip development
had been steady.

The assumption that segment CB is helical in form has been implicit in almost
all previous research works on stgpe chip breakers. For instance, in Figure 1.3
(which is adapted from [Henglen 1954]), the chipegment CB is circulawhich is a
degenerate form of a helix.

Consider next chip segment BO. When the chip is lightly obstructed, this
segment willhave some helical form similar to the form of segment CB. However,
experience with mdgning operations shows that a significant proportion of practical
chips arenot lightly obstructed. They arstrongly obstructed and may also break
eventually. Such chips arise because the moment resulting from the reaction force
located at O arising due contact between the obstruction and the chip can not freely
pass to the primary deformation zone. This is because the chip curler located at B
resists the chip deflection and reaction force at the curler produces a goontent.

Thus the chip segme®O is subjected to deformation (usually bending) that is not
transferred to the chip segment existing prior to location Bdtméinued growth in

this deformation will eventually break the segment). In such a case the geometric form
of the chip in this sgment will depend both upon the preceding form at CB and the

deformation imposed between the chip curler and the obstacle. In view of the above
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considerations, we may call segment BO (or CO when there is ndyptehip
curler) ag h @bstatle influenatzon® .

There is one interesting questiooncerning chip segments CB, BO or CO that
hasnot been addressed in metal cutting literature so far: Will the chip assume a totally
new geometric form? Or, will there be some parameters of the initial (hellagl) c
form that remain constant although other parameters might change? A review of metal
cutting literature suggests that this question has never been asked. Hence, one of the
objectives of the present thesis isidentify, through the application of fundiental
principles of the geometry of helical surfaces, the chip geometry parameters that are
likely to remain relatively invariant duringubsequent elastic and plastieformation
arising from the chipds encounter with obst

Clearly, the segmentfdhe chip beyond the obstacle (O) may be cathesl
chip-in-hand (CIH)since the form of the chip will be the same as that of the chip when
collected fromthe pan. If the chip is bofformed, this chip has the same helical form
as that existing when thdip was between C and B, B and O, or C and O. Otherwise,
the form of CIH will be the same as the form of the aigbormedafterbirth
(CDAB).

1.5 Importance of the geometry of chipsn-hand
The following quote from [ rHagdpenstha® 5 3 ] i s
when a study is made of one quantity, light is sometimes shed on other phenomena
which may have scientific and commercial si
The above observation seems to be particularly apt with regard to the
significance of the geometry ofigls-in-hand. All machining operations produce chips
that fall intothe pan.These can be easily collected and measured in order to obtain
useful insights into the nature of the process(es) producing them. This concept is not
totally new. Chip thickness, ngth, and width have been routinely measured to obtain
estimates of the shear angle, chip flow angle, and chip velocity prevailing within the
chip formation zone. However, helical chipshand have many other easily
measurable parameters (such as hefpdah, and outside and inside diameters). A
review of metal cutting literature reveals that these measurable parameters have rarely

been utilised. Hence, one of the objectives of the present thesiexpltwe how the
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helical geometry of chipm-hand (GH) could be utilised to obtain useful additional

insights into phenomena occurring within the efopm-birth zone (CFBZ).

1.6  2-D notions of chip curl

Chip control involves the design of chip breakers (actually, trmers or
curlers)that enable surcchip forms as to cause encounters with external obstacles that
produce chips oflesirable length. In general, desirable chip forms are those which do
not tangle or have a large net area. Desirable chips include both broken (e andalf
full-turn chipg and utbroken (e.g. tubular helical) chips. All these chips are initially
helical in nature. Hence it is important to understand the geometry of theses chips in a
rigorous fashion.

Geometric analysis is the first step in any mechanical analysis. In most
problems concerning mechanics, a wrong or incomplete understanding of the geometry
of the problem will lead to a wrong or incomplete understanding of the mechanics of
the problem.

Most practical chips are thremensional (3D) in nature. In certain siions
the 3D geometry degenerates into lower dimensional forms. The most trivial case of
degeneration is represented by a straight @ibiping in a direction perpendicular to
the cutting edge. This is thell case. The next level of generation occuremvkhe
chip assumes the form of a circle or/and is not perpendicular to the cutting edge. This
is the 2D case. Much of the literature on chip curl has focused -@h cases
associated with machining with plane rake faced tools. Two particidacases fjure
up-curl andpure sidecurl) have dominated metal cutting literature.

Pure sidecurl occurs when the chip curls essentially in the tool rake plane.
Hence the chip curls around awris normal to the tool rake plane. This curl may be
characterisetdy theradius of curvature,s, at the inner or outer edge of the chip.

[Pekelharing 1963/64] and others have pointed out that side curl could arise
when there exists a significant velocity gradient along the cutting edge in the chip.
Other reasons for sigzurl include noruniform friction conditions across the contact
area, noruniform contact length, influence of the secondary cutting edge and
inclination of the major cutting edge (these will be reviewed in greater detail in
Chapter 2).



18

Pure upcurl occurs wkn the chip formation process is essentially contained
within a plane normal to the tool rake face. In this case, the curisapegallel to the
tool rake plane. This curl curvature is usually characterised by the radius of curvature,
Iy, in a plane nor@ to the cutting edge and the tool rake face. Single edge orthogonal
cutting with zero velocity gradient and constant {clolp contact length across the
chip is one example where pure-cyrl occurs. Usuallyy, is positive. In some

restricted contact ¢ting situationsy , can be negative.

1.7  3-D chip curl

There is wealth of knowledge (models and empirical data) concerning pure up
curl and pure sideurl in metal cutting literature. Clearly, this knowledge is useless in
itself since few practical cuitty operations conform to either-[2 idealisation
described in section 1.6.

Most practical chips are-B in nature. Helical chips represent one major form
of 3-D curled chips. There igery little knowledge availableoncerning @ chips in
metal cuttingliterature. Hence, it would be highly useful if we could relate the
geometry of 3D helical chips to the notions of pure-aprl and pure sideurl on
which we seem to possess a wealth of knowledge.

Nakayama and his associates were among the first topttbe extension of
the 2D notions to encompassE3 helical chips. While they have written many papers
on the subject, it appears that the model developed in [Nakayama 1992] dominates
contemporary notions concerning3chip curl.

A major part of the prent thesis originated when the author attempted to
utilise Nakayamabs anal ysi s [ Nakayama 197
associated with chip control. However, when the author delved deeper into the
equations developed in those papers, it wasHattthere were several inconsistencies
within the set of arguments invoked by Nakayama et al. Hence, the author suspected
that some of the equations developed by them might be wrong. The author then
undertook a fresh and more rigorous analysis of heligplforms.

One immediately apparent issue arising from the works of Nakayama et al.
[Nakayma 1972a, 1978] was that their model was presented on the basis of chip
rotation, i.e. the radii of up curl and side curl were taken to be radiotafion

whereas,f one were to comply with classical views on chip curl, one would have
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expected that the problem was analysed in terms radii of curvature. However,
Nakayama et al. also called their radii as the radii of curvature [Nakayama, 1972,
1992]. But, accordingotpreliminary studies conducted by the present author, the radii
of curvature associated with[3 curl are different in general from those of rotation.
Therefore the author set himself the following objective which has indeed turned out
to be the startingoint of the rest of the thesis: tlevelop, in the context of helical
chips, a rigorous and generalised analysis dd &hip curl that (i) is consistent from

the points of view of both chip curvature and chip rotation and (ii) is capable of
extending theclassical 2D notions of pure wgurl and pure sideurl to the

generalised @D case.

1.8  Aim and objectives of the present thesis
The broad aim is to develop a more detailed and rigorous understanding of

geometry of helical chips than hitherto available
The thesis reporten the work done by the author with a view to meeting the

following objectives:

I. Develop, in the context of helical chips, a rigorous and generalised analysis of
3-D chip curl that (a) is consistent from the points of view of bdiip c
curvature and chip rotation and (b) is capable of extending the clasdical 2
notions of pure weurl and pure sideurl to the generalised case.

il. Determine the geometric properties of the faces of steady helical chips.

iii. Identify, through tle application of fundamental principles of the geometry of
helical surfaces, the chip geometry parameters that are likely to remain
relatively invariant during subsequent elastic and plastic deformation arising
from the chipbds encounter with obstacl ec

iii. Explore how the helical geometry of chipshand (CIH) could be utilised to
obtain useful additional insights into phenomena occurring within the birth

zone of 3D chip form.

1.9 Organisation of the rest of the thesis
The progress made by the autlile pursuing the objectives listed in Section

1.8 is described in the rest of the thesis after a preliminary literature review:
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A review of literature on the major notions of interest in pursuing the
objectives of the work reported in this thesisrssented in Chapter 2.

Chapter 3 reports on a new analysis performed with a view to meeting
objective i. Firstly, certain inconsistencies associated with currently prevailing
definitions (the definitions due to Nakayama) of sidad upcurl radii are
identified. Next, six plausible definitions of these parameters are identified
following a more rigorous analysis of the geometry of a generalised chip helix.
In the process, in contrast to Nakayama who dsglimedhat the toocichip-
separation line (TCSL) istraight, it isprovedthat the TCSLmustbe a straight

line. Next, several theoretical criteria are proposed to identify the theoretically
valid set of definitions of sideand upcurl radii. It turns out that while
Nakayamaobs d echrliradds ts acounate infsubstanad his definition

of up-curl radius is questionable. Finally, a set of new definitions that is
believed to be rigorous and accurate is proposed.

Chapter 4 describes some new geometric analyses developed by the author
while pursung objective ii. The new analyses extend the findings reported in
Chapter 3 to identify the full geometry of a helical chip face and the associated
implications. It is shown that, when a chip is born formed, the geometry of the
chip is fully determinabledllowing an inspection of four easily measurable
dimensions of the corresponding cliiphand. Finally, the new analysis is used

to revise the maps (diagrams) of tharious possible forms of steady born
formed chips developed earlier by Nakayama et ale THlew computer
simulated map is not only believed to be correct but more easily applied than
Nakayamabés maps.

Chapter 5 reports on the analyses developed while pursuing objective iii. The
analyses start with the argument that the face of a steady CB#) §eneral,

must be a developable surface. It then follows from-wmtiwn principles of
Differential Geometry that the intrinsic (Gaussian) curvature of the face of the
CDAB, whatever their state of deformation, is likely to be equal to zero. It is
shownthat this result leads to several insights regarding how the geometry of a
chip might or might not change while it undergoes deformation due to
encounter with an obstacle. It is shown in particular that thecsidecurvature

of the chip face is likely tdoe preserved. Finally, this chapter describes how
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chip-in-hand analyses could be used to obtain a deeper understanding than

hitherto available of the geometry ofBchipsin-process subjected to elastic

deformation.

Chapter 6 reports on some analysegetigoed in pursuing objective iv. It is

noted that the previous chapters had provided an understanding of the state of

the chip at the TCSL. This chapter explores methods by which one could

utilise this understanding to get a deeper insight into phenowenaring

within the chip formation zone. I n part.
born curl ed at t he pri mar y-exagieed or mat i o
individually with respect to side curl and up curl. Arguments are presented in

support of the hypbesis that chip sideurl is fully born at the primary

def ormation zone whereas up curl i's onl
then developed for chifpol contact length, chip flow angle and other

important geometric parameters related to the-top contact area.

Chapter 7 describes the experimental work done to validate the analyses
developed in earlier chapters. The experiments include cutting with different

cutting conditions, tool geometry and chip guiding devices. The -ofhips

process werebserved in real time through one or more video cameras and the
empirically observed chip face contours are compared with those anticipated
theoretically. Additional experiments were performed by studying the

behaviour of chips while manually subjecteddeformation. It is noted that

practical chips are inherently variable. This makes it difficult to achieve
experimental validation of the theoretical predictions with high confidence.

However, while being subjected to this caveat, it appears that thenegptad

data are in fair agreement with the theoretical predictions.

Chapter 8 summarises the conclusions drawn from the work reported in the

previous chapters.
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Chapter 2

Literature Review

This chapter provides a brigéview of literature on the maj notions of
interest in pursuing the work reported in latérapters. The focus is on chip form

geometry and its analysis, and the notions of up curl, side curl and chip flow angle.

2.1  Chip form classification

A review of literature on cutting reveatlsat the study of chips has preceded
that of chip control. Most studies on chips have focused on the physics of chip
formation since this is an essential component of the physical system governing a
cutting operation.

It has long been recognised througgreful examination of chips that chip
formation occurs essentially through a shearing process [Time 1870] [Tresca 1873]
[Mallock 1881] [Stephenson 1997].

Continuous and discontinuous chip forms were identified even at the level of
cutting at low cuttingspeeds with cutting tools with simple geometry. However, the
classification of chips into thoghat are continuous and discontinuous represents a
classification in terms of chip type corresponding to the mechanics of chip formation
rather than the chipofm associated with the shape or geometric appearance of the
chip [Shaw 1986]. Further, chip form is an attribute mainly of continuous chips rather
than of discontinuous chips.

An early reference to chip forms (without classifying them) can be found in
Klopstockod6s research findings on turning
presented at least six different chip forms while cutting with standard tools and his
own tool of a novel design. These forms are in general agreement with many of the
chip forms we identify today. Klopstock used the chip forms to demonstrate certain
peculiarities associated with the working of his tool.

One of the early clear classifications of chip forms may be attributed to
[Hemscheidt 1941]. Hemscheidt distinguishedglahips from short chips. Further,
long chips were classified into eight sfidsms: ribbon chips, tangled chips, chips that
get tangled after initially being helical, tangled chips that resemble helical chips,

helical chips transformed into tangled chipslical chips with coils running into each

an.
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other, narrowly coiled helical chips, and helical chips exhibiting wide curling.
Likewise, he classified short chips into short helical pieces, narrowly curled spirals,
widely curled spirals, conical spirals, aslgort spiral curls. Hemscheidt also noted the
importance of being able to produce a desirable chip form. To facilitate this process,
he suggested a chip rating system based on the possible hazards to the machine
operator, cutting tool, workpiece, and maehtool in addition to ease of chip disposal

and storage. Chip form ratings were estimated on the basis of the responses obtained
from eleven workers and eleven engineers to a questionnaire focusing on the different
aspects of chip forms. Remarkably, thghest summed rating (i.e. that corresponding

to the most preferable chip form) was given to short helical by both categories of
respondents chips (about 60 years ago!). Long helical and spiral forms were accorded
lower but quite close ratings in contrast ribbon chips, tangled chips and chips
exhibiting short curls.

Subsequent to the work of Hemscheidt, chip form classification was
reinvented or modified many times. Amongst such classifications, those due to
Henriksen have become particularly populblieffiriksen 1953, 1954] [Shin 1993].
Henriksen aimed his classification system mainly towards solving thebosgiing
problem. Thus, in [Henriksen 1954], he used the classification to characterise the
relative effect of two chip breakers yielding differeatii of the chip flow circle.

Chips were classified into seven forms: (i) straight, (ii) snarl, (iii) infinite helix, (iv)
regular intermittent, (v) full turn, (vi) half turn, (vii) and fragmented or splintered. He
judged forms (iv) and (v) to be of tigreferred type while forms (iii) to (vi) were
considered to be within the usable range.

Knowledge of the relative advantages/disadvantages of chip forms and their
ratings is essential in chip control. There are two general ways in which such
knowledge ca be utilised: (i) to select a proper chip form and then design a chip
former/breaker that results in the selected chip form; or (i) to estimate the
appropriateness of the chip form(s) produced during cutting with a given cutting set

up (e.g. with a certa tool geometry, chip former, etc.) so that one can chose the best

set up. Research work directed towards t he
Afusabl eo, Adesirabl edo, Aunfavourabl eo, Mnac:
[Fine 1956] highlightedhte | i nk between fidesirabl eo

according to Hemsheidt or Henriksen, and the nature of cutting operation. Taking
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tool-life and operator safety as the primary factors to keep in mind, he suggested

di fferent Odesirabtaeadi 6osmsThos dcodiflerasantf
preferred for interrupted cutting, Ahal f t
cutting involving significant variations i

spring coil 0 dvernundoerework matetriad undeafdv@urable cutting

conditions, Ahel i cal coils [of] a few tur
Ari bbon guided into bed or a ball of swar
occuro for light finishing cuts.

In 1979, another interesting chip form classification developed in Germany
and known as INFOS chip form classification was popularised through a report on a
survey on the knowledge available then on chip control [Kluft 1979]. The
classification identified terchip forms: (i) ribbon, (ii) tangled, (iii) corkscrew, (iv)
helical, (v) long tubular, (vi) short tubular, (vii) spiral tubular, (viii) spiral, (ix) long
comma, and (x) short comma. Chip forms (i) to (iii) were considered to be
Aunfavour abl(eiov)whtiol e xf)orwesr e hel d to be fAac
the acceptable forms, forms (vi) to (viii)
Jawabhir, a noteworthy researcher on chip control in the 1990s, proposed to use
fuzzy logic approach aiming to rate chip breakapitind thus obtain a quantitative
estimate of how figoodd a chip form is [ J:

magnitude between 0 and 1 of chip breakability was obtained as a value of fuzzy

member ship function. The asaquaiysguemeént was ba
|l evel so of chip breakability. The quality
At ot al machinabilityo of the workpiece me

breakability, surface roughness and specific cutting pressure were foume the

most significant machinability parameters to be considered in finish turning. An
optimisation technique was suggested to be utilised to determine the optimum cutting
conditions using the three parameters. The assessment of chip breakabibysees

on an ISGrecommended chip classification system. In a later work [Fang 1996], chip
breakability was attributed to chips identified by a group of chip forms (shapes) as
well as certain twalimensional features of the groups. The groups were (ipmibfi)
helical/tubular, (iii) spiral/circular, and (iv) arc/bulky. The features considered
included the chip height, the maximum width of the chip, the number of turns of the

chip, the maximum radius of the chip, etc.
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A detailed study on chip curl geoime was initiated in the 1960s in
Netherlands by Pekelharing. In 1963, he distinguished three basic chip forms: straight,
Aupcur veo, and 0s abD eip fonns weeednteipreted.thersasde cur
mixtures of side curling and up curling [Pekelhgrl963/64].

Another important study on chip forms is that presented by Spaans in 1971. He
developed a geometric analysis and added chip flow angle as an important parameter
to be considered in the description of a variety of chip forms [Spaans 1974].aSn s 0
chip form classification is reproduced in Figure 2.1. Note that the classification is
based on Atheoretical f o typeschips, tubyaalelitad not ed
chips with high enough leads, and conical helical chips whose axesetaipivards
from the rake face while having large enough leads conform to the theoretical form
corresponding to natural or guided curl and chip flow angle. Chips of other forms
were considered to be Aforcedo, . e. suct
elastically or plastically, or were even broken. These considerations led Spaans to
invoke the notions of Along chipsd and fAbr
system. Later, this classification system became the basis of the ISO chip
classificaion system.

The I1SO chip classification system was released initially in 1977 and revised
in 1993. The currently prléevestingwith singly st em i s
point turning toolso [I SO 1993]. hdhe st and
the characterisation of chiggparticularly the chip forms listed in Table G.1, Annex
G of the standard. Although this system was mainly developed in the context of
identifying the cutting test conditions, it is widely used today as a standard in chip
control researches. This is partly because the system utilises several important chip
control features noted by Spaans in [Spaans 1971].

An original system of chip description was developed and published in the
Journal of JSPE in 1976 [Nakayama 1976].dpears that the system reflected the
findings of Nakayama while performing his earlier geometric analysis of chip form
geometry [Nakayama 1972a]. In this publication [Nakayama 1976], written in
Japanese, Nakayama presented a new and elaborate descfiphins.cHowever, the
advantages and disadvantages of the chip properties were not identified. The core of

the system was created
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mai nl vy t hrough a 0revisedb©d classificatio
classification became known as the classiieabf chip forms of the Subcommittee
on AChip Disposal o of the Sectional Commi
popul arised in English through Nakayamaos
Bulletin of JSPE in 1984 [Nakayama 1984]. In the 1984 papee, chip forms were
identified on the basis of chip length. A symbol was assigned to each chip form. The
system included three further symbols to enable a more detailed classification. Thus,
pictorial charts were prowiudre éburlfpgecad, dent i fy
side-curl, conicalcurl, randomc u r | mi scell aneous, and unkn:
curvatureo relative to the width of the ¢
medi um radius, et c. ), isenta@the(width of xhipiishdite pi t ch
medium, long, miscellaneous, and unknown). In using the classification, one could
substitute chip photographs that are usually used to demonstrate chip form in detail by
the approximate geometrical equivalent derived froenfour symbols.

In 1972, Nakayama showed how helical chip forms could be reconstructed
from known magnitudes of chip flow, siderl radius and waurl radius with the aid
of pictorial maps [Nakayama 1972a]. These maps were modified in 1992 to conform
to the principles enunciated in [Nakayama 1992]. However, when examined in depth,
the 1992 analysis of Nakayama seems to be vague with regard to the determination of
up-curl and sidecurl radii in the general case ofBhelical chip which is essential for

the chip form characterisation.

2.2 Up-curl and side-curl radii, and chip flow angle
221 Spaansbds geometric analysis [Spaans 197
Spaans [ Spaans 1971] found that Aupcurl
and chip flow angle mawywpbepentakeaf tohibp ou
possible to derive the size, shape and position of the chip from them. He considered
the case of machining with tools with plane rake faces and adopted a rigid chip model
to analyse chip form geometry.
Spaans paid noln attention to the link between chip form geometry and the
shape of the shear surface. However this shear surface was not generally the same as
the boundary of the primary deformation zone, but rather an abstract notion that

allowed him to relate the vadty distribution inside the workpiece with the velocity
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distribution inside the chip. Thus Spaans concluded that if a chip is curved, the shear
surface must be also curved.
Spaansd6 approach to the shear surface r
descibed in [Avitzur 1986]. The last one was originally applied by Feilbach and
Avitzur in 1968 [Feilbach 1968] to understand orthogonal cutting process with chip
curling. However, it appears that the most
analysis othe geometry ofthe-B chi p fAfaceo (the fAbottomo i
Spaans invoked the plastic layer in the secondary deformation zone (also
known awsp filbayérno) i n combination with the
origin of the general -B® helcal chip form born at the cutting edge. The chip was
assumed to be rigid after its separation from the tool rake face. Thus, tiehippol
separation line (TCSL) was taken (correctly) as the reference line while conducting
the chip form analysis. Spaansanoted that the TCSL must be a straight line and
that the chip bottom face is developed on the rake face (this finding will be mentioned
again in Chapter 5). However, he did not realise the full import of these observations.
In his analysis, Spaans agtd the direction of chip flow and the chip flow
angle to the TCSL. He determined the chip flow angle as the angle between the
direction of chip flow in the middle of the chip, at the TCSL, and a plane
perpendicular to the CSL.
Spaans def iaredd dtuhrel ionsgiédeavss t he reci pr oc;
the developed chip bottom. Thus the sitdel(ing) radius was assumed to be the mean
radius.
The O6upcurling of a regular chipd was
radius (i.e. of the middle helign the chip face). Thus the «prl(ing) radius was
assumed to be the mean radius. This definition efurf{ing) is the weakest amongst
the definitions proposed by Spaans since it implies that a puresi@el chip should

have the same wqurl and sidecurl radii.

222 Bhaktavachalam and Venuvinodds geometri
[Bhaktavachalam 1973a]
These authors aimed to determine thecup radius, sideurl radius and chip

flow angle from the geometry of the conical helical chip that could be speutified
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terms of the Ameamebasngl readianmgdo i hfedemi ang
of the helix). Flat rake tools were considered and the TCSL was taken as the reference

in the analysis. I't was noted tdati thiins ce
possible that the TCSL is not parallel to the cutting edge.

Theupc ur | curvature was defined as the #dc
measured at the given point in a plane nor
sidecurl curvature as defined as the curvature of the chip bottom surface measured
at the given point in the plane of the bottom surface. Thesudpand sidecurl radii
were taken to be the reciprocal values of the corresponding curvatures. The curvatures
were derived ashe respective curvatures of the projections of the mean base circle of
the chip on a plane passing through the normal to the TCSL and on the tool rake
plane. However, as will be shown in Chapter 3 of the present thesis,-thel ymd
sidecurl curvatureshould be interpreted as specific properties of the helices on the
chip face and should be defined and estimated in a different f¥aahkrast because
the base circle is not equal to the radius of the helix curvature.

The definition of chip flow angle dopted in [Bhaktavachalam 1973a]

coincides with that used by Spaans [Spaans 1971] (see section 2.2.1).

223 Nakayamads analysis [ Nakayama 1972a, 19
In [Nakayama 1972a], written in Japanese, Nakayama introduced a new
analysis of chip form geonmgt The main ideas of the analysis were explained in
English in [ Nakayama 1978] and were utilis
chip form classificationodo presented in [ Na
from a study of the pure wgurl and pire sidecurl cases [Nakayama 1972a, 1978].
Several kinematic equations were established first and then the angular velocities of
the 2D chips were composed to represetid Belical chip cases. The radii of rotation
used in the kinematic equations for t&® chips were taken to be the-agprl and
side-curl radii.
In their analyses, Nakayama et al assumed the tool rake face to be flat and
utilised the TCSL as the reference line. Further, the TCSL was assumed to be a
straightline segment. Arguments wepeesented in favour of assuming that the chip

velocities at the TCSL were parallel to the tool rake plane.
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In [Nakayama 1972a], in contrast to his other works, the kinematics of the chip
face particles were analysed along the entire TCSL and, thus, gshoas that the
chip flow angle could vary along the TCSL. Nakayama noted that the projection of
chip face helix on the tool rake must be parallel to the TCSL. He showed that the
shape and location of the helix is determined by it€w sidecurl radii and the
chip flow angle. Moreover, he demonstrated that every helix on the chip face is
determined once we know (i) the magnitudes of the three parameters mentioned above
at the extreme point of the TCSL and (ii) the displacement of the arbitrary raiy al
the TCSL from the extreme point.
Although Nakayama had not presented explicit expressions for ‘usrupnd
sidecurl radii, it will be shown in Chapter 3 that such expressions can be easily
derived from Nakayama's own analysis.
It needsto beemhasi sed that Nakayamads anal ysi
compose a-® chip helix in terms of D parameters. However, his analysis throws
little light on how one could decompose th® Belix (or the entire chip face).
Nakayamabs i de arenthcreigning paradign evithtrdgaed t@
chip form analysis and how one should relate the geometryDohé&lical chips with
the 2D notions of pure wegurl and pure side ur | . Further det ai | s

analyses will be provided in Chapter 3 of thegant thesis.

2.2.4 The nature of up curl

As early as in 1941, Ernst and Merchant [Ernst 1941] suggested that up
curling arises due to the wvariation in the
hence the instantaneous velocity distribution & thc u t materi al across
shear 6 at the chip root.

Later, Hahn [Hahn 1953] proved that the phenomenon -@udpng implies a
corresponding gradient of the velocity within the primary zone of plastic deformation
when he reported that curled chipreserved their curvatures when the chip surface
layers were dissolved in acid or the chips were heated to incandescence. Therefore,
subsequent to Hahnés findings, it became w
curl edo. Mo r e o v evidence khathugurlimgrise & thermosedsitive

phenomenon.
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[Cook 1963] assumed that up curling could be caused by compressive stress in
a zone of chip close to the tool rake. He supposed that such stresses could produce
oplastic bendintghefchihpo.remai nder of

The significance of the bending moment as a cause of up curling was also
noted in [Albrecht 1961] and [Dawe 1969] where the authors associated the moment
wi t h t he pdliseartytbétweeniihre dnes of action of the resultant cutting
force acting on the workpiece and of the re

[Nakayama 1962, 1963a] argued thataupling takes place because of the
layer of secondary (plastic) flow of chip material contacting with the tool rake face.

A T h e r whighyigthick at the cutting edge becomes thinner until it is fixed to the
major part at the pointoftoa@ hi p separation | ined [ Nakayam

[ Spaans 1971] agreed that the | ayer #dApl
upcur | i ngo. kayama 1962,61963a] gndN[Spaans 1971] share the viewpoint
that the (lower) surface of the primary deformation zone is convex.

[ van Luttervelt 1976] suggested that th
of the O0secondary-upcldyeg p, f eobw. | ayer dnor éb wiplpt
explaining upcurling. While the length of the dead zone was assumed equal to the
tool-chip contact length, the upper boundary (the boundary towards the chip body) of
the zone could be determined by rotating the poirgepfaration of the chip from the
t ool (Awhere the tool face is tangent to t
height of this zone above the cutting edge corresponding to therupadius of real
chips within the range 4 to 15 mm was foundéddss then 48m.

Horne [Horne 1978] supposed that the curvature of continuous chips could be
explained by a oO0regul ar series of di scret
wedgelike segments. According to him, as the tool moves, the shear plane rotates and
the amount of material being pushed into the segment ahead of the tool increases
progressively. When the energy required to push more material into the segment
(along the tool rake face) and for maintaining shear along the shear plane exceeds that
required teshear along the initial position of the shear plane, the cycle starts again.

[ Ostafiev 1994] attr itbhuwutped ou @ ad br I(iwn g ht
the tool rake face) form of the crosswise layer of chip produced in the primary
deformation zoneluring an elemental time event. It was suggested that such a form is

caused by ncmniform cutting ratio across the chip. It was found that the angle
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between the boundaries of the zone, which one requires to invoke while explaining the
range of upcurl curvature observed in practice, is quite small.

[ Hongt ao 1989] argued that Aithe cutting
curl naturally and the friction at the techip interface arrests the tendency of the chip
to curl o, At he ¢ utdmangeasbrefor sdatunabcurling oh éhe t is
chipo. The belief in the significance of t
that, when metal is cut by tool with a restricted {clop contact area, the +qurl
curvature reduces under decreased conawth and eventually can even become
negati ve. However, i n the present authoro6s
at least because the decreased contact can change the heating of the primary
deformation zone from the teohip interface.

As will be seen later, the present author believes that the cutting bending
moment is not the ultimate origin of wgorl. Since the moment at the primary
deformation boundary must equal the moment created by the contact loads at the tool
chip contact area, thecantt | oads candot be {fcdiiegokol e or i
chip. The present author hypothesises that the cutting loads do not bend the chip
upward but, rather, nullify the plastically born-aprl curvature of the chip at the teol
chip interface (how exadly the nullification is achieved is beyond the scope of the
aut horos work and needs further research).
[Henriksen 1951], [Hahn 1953] and [Ostafiev 1994] about naturatuding. In
particular, he supports thexplanation proposed in [Hongtao 1989] concerning the
role of tookchip friction. It seems that one needs to reject the role of chip bending
moment in natural upurling for a simple reason: there could be necuging caused
by bending of the chip at ¢hprimary deformation zone during the natural curling
because, in many situations, the normal stresses on a shear surface (across chip) in the
primary deformation zone increase towards the cutting edge [Bobrov 1975]. Besides,
this rejection is supported ltige earlier observations that, when one increases the tool
rake angle, the compressive stress gradient usually decreases [Bobrov 1975] (hence
the cutting bending moment becomes larger, thus promoting up curling, i.e.decreasing
of the radius of up curl) wdreas, in reality, the natural wprl radius increases
[Hongtao 1989].

Finally, It is worth noting that up cur

the compressive hydrostatic pressure (e.g. as noted in [Ostafiev 1976]) toward the
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cutting esdgenul &bhie ondd happens when the hy
plasticity of the cut metal in the primary deformation zone. Such plasticity growth

with increasing hydrostatic pressure was studied in [Ohnamu 1988] for small strain

rates. In cutting, the growtbf plasticity is eventually restricted by hardening of the

material under cut [Black 1979, pp. 4886]. Thus, in general, the origin of up curl is

quite complex.

2.2.5 The nature of side curl

Generally speaking, chip skeirling, just as chip upurling, can be attributed
to the gradient (directed along the rake plane) of the ratio of the corresponding plastic
deformations of the cut material at the primary deformation zone. Therefore, it is
generally accepted that chips are born-siugkded. (It will beargued later in this thesis
that, unlike with up curling, there is no need to consider the temporary flattening of
the chip curl behind the primary deformat.i ¢
findingthatsidec ur | can be g usmilembmdntyexedea onrtre khaari vel y
zone parall el to the rake faceo. I't seems
presence of the moment and, in the process, adjusts side curl.

[Spaans 1971] attributed natural sitlgling of chips to (i) the wation of
cutting speed along the cutting edge, and (ii) the influence of tool nose radius which,
in turn, depends on relationship of width of cut, feed and the nose radius.

Pekelharing [Pekelharing 1963/64] and Spaans [Spaans 1971] identified the
foomof the O6shear sur f awledéchip. In pattidular, whenshe of pu
chip flow angles at the cutting edge equal zero, the shear surface was thought to be
shaped by the straight line (which initially coincides with the cutting edge) thasmak
a screw motion about an axis normal to the tool rake plane while passing through the
cutting edge. In the generalised case, the axis of the screw motion transforms into a
helix with its axis being normal to the tool rake plane while passing through the
cutting edge. In general, this axis has anseff with respect to the cutting edge and
the chip flow angle could vary along the cutting edge.

Bhakthavachalam [Bhaktavachalam 1973b] proposed an approximate equation
for the sidecurl radius for the casehgn curling arises exclusively due to a variation
of cutting speed along the cutting edge and the cutting ratio is constant along the
cutting edge. Interestingly, his analysis also took into account the cutting edge

inclination angle and approach angle.
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Van Lutterwelt [van Lutterwelt 1976] included the following in his list of
factors influencing sideurling: (i) nonrectilinearity of the (workpiece) primary
motion, and (ii) obliquity of the cutting edge with respect to the primary motion. He
studied thecombined effect of factor (i) and the tool nose radius on thecside
radius and concluded that the two individual effects could simply be superposed.

Thus, when the nose radius influence was characterised by the depth of cut and factor
(i) was represdnd by the workpiece curvature, the salel radius seemed to exhibit
an inverse linear relationship with the product of the depth and curvature.

In 1972, Nakayama [ Nakayama 1972b] publ
side curl of chip in metal cuttirdg. He pointed out that the gr
the cutting edge is essential for chip saieling to occur. Since the chip speed is the
product of the cutting speed and cutting ratio, the following factors were presented as
possi bl e nAg oftsdeclurt éasdq i) cutting speed gr
spread, and (iii) interference between cutting edges. Among these, the influence of
factor (ii) was explained by referring to [Shaw 1966] where the difference between
plastic flow in planestress state and in plarstrain state was described. It was
suggested that the flow state in a segment of the primary deformation zone within the
chip body more resembles plane strain whereas those at the chip edges resemble plane
strain. This was claimed toe the reason for the occurrence of chip side spread (flow
of chip material in the third dimension). When this argument is combined with the
requirement that the volume of the chip must be conserved, it follows that if chip side
spread is larger there walbe decreased flow in the direction normal to the cutting
edge. Consequently, there would be a gradient of chip speed along the cutting edge

which, in turn, leads to sideurl. Regarding the influence of the interference between

cutting edges, itwassuggst ed t hat: (i) fAthe interferenc
the shear plane which will lead up to siclea r | 0 ; and (ii) the diff
angles at the two edges wil/l cause fAthe di

and chi pusleaingtd sidécurt. h

An interesting study on chip sigeirling by of a group of researchers was
reported in [Masuda 1987]. Here, side curl was described in terms of the chip side
spread (fAside fl owo). The modeld,toawhen app
estimate of the chip sideurl radius (and, even, wqurl radius) in terms of a set of the

following dimensions: (i) width of chip, (ii) thickness of chip, (iii) length of the
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equi valent cutting edge (the érweltid76))ng edge
and (d) angles of major and minor cutting
describing helical chips.
I n the present authordés opinion, the ma
[Masuda 1987] arises from the assumption that the sldiespread occurs not within
the primary deformation zone (that is usually quite thin according to, for example,
[Xie 1996, p. 846]) but at approximately half of the total length of contact between
chip and tool. This halfength is the length of the me of plastic contact between chip
and tool or the zone of secondary deformation. This assumption implies that the chip
curl is plastically formed in the neaurface layer of chip. This contradicts the
findings of [ Hahn 195 3]obsarvation (sde €hapter 6)s e n t a\
Another minor limitation of the model is the assumption that the chip flow angle
everywhere along the O6equivalentd cutting
Kufarev considered, in addition to the difference between the deformation
states of the material being cut along to the major cutting edge (from the tool tip to the
free surface of the metal), the role of friction in determining side curling [Kufarev
1984]. He suggested that the gradient of friction across thechgolcontact lendt
creates a moment and the primary deformation zone adapts to the presence of this
moment in a manner that results in a chan
discussed the likelihood of an additional bending moment stimulating side curl in
obliquecutting.
De Chiffre used a shaping tool with a varying restricted contact to study side
curling [De Chiffre 1998]. The chip compression factor associated with side curling
was argued to be governed by the contact length factor (the ratio -@hipatonact
length to uncut chip thickness) and the tool rake angle. The study implies that the
gradient of contact length across the chip width is the reason for pureusiite.
Hence side curling can be affected by changes in the angle of the restricted @snta
well as in lubrication. Since the cutting velocity gradient is also able to cause the side
curling while under constant chip compression ratio without any gradient of contact
length, the same sierurl radius can be observed in different chips. Onthese will
be essentially of uniform thickness while another will not. Therefore, in the
generalised case of cutting, the factors influencing side curl need to be combined. This

feature makes the prediction of natural stdél radius a complex task.
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An attempt to predict the sigrirl radius using an equation with six correction
coefficients obtained by processing experimental curves was presented in [Yihong
1995].

2.2.6 The nature of chip flow angle

The classical definition of chip flow angle is thais the angle between the
vector of chip flow direction and the vector normal to the cutting edge while being
parallel to the tool rake face. This definition suffices in single edge operations.
However, most practical machining operations involve diamglous participation of
more than one cutting edge. For instance, in a conventional turning operation with a
round nosed tools at fairly large feed rates, it is important to recognise that parts of the
major cutting edge, the curved tool nose, and the@nuatting edge participate in the
chip formation (and, hence, the chip flow) process.

In the context of chip form analysis, there is a need to distinguish between two
kinds of chip flow angles. The first kind is the chip flow angle measured at a cutting
edge with respect to the normal to the cutting edge whereas the second kind is that
measured at and with respect to the normal to thectaplseparation line [Nakayama
1992]. The first kind of angle has been studied quite intensively. However, it appear
that the variation of the chip flow angle (along the cutting edge) associated with the
generalised case of siderling and the relationship between saeling and chip
flow angle have received very little attention. Thus, as noted in Section 2d&5, si
curling is a result of chip velocity gradient along the cutting edge. Hence, it appears
that OoO6pured6 chip flow angle i.e. the chip
influence of the velocity gradient on chip flow, could be determined at the enaddl|
the chip at the cutting edge. However, one
angle will always be the same as that obtained when the side curdictyadly absent
or varies.

It is useful to consider in greater detail the first kind ofpcHow angle
referred to above.

It has long been known that even in an operation where the major cutting edge
is orthogonal to the cutting velocity vector, the chip flow angle would not be equal to

zero if the minor cutting edge (and/or tool nose radilesys a significant role during
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cutting. As Nakayama [Nakayama 1972b] explained, the chip parts formed at the
edges 6push on to each other and fl ow out
Alternatively, when a single edge cuts metal, the chip Hagle appears if the
edge is not perpendicular to the cutting direction, i.e. in oblique cutting. Stabler
investigated this case and found that the chip flow angle on the tool rake plane is
approximately equal to the inclination angle of the cutting e8ggbler 1951, 1964].
This relationship is often referred to as
One of the most well known studies of chip flow in makige operations is
that due to Colwell [Colwell 1954]. Colwell studied the influence of the minor cutting
edge, toolnose radius, and the back rake angle [Colwell 1954]. He discovered that
chip flows at the cutting edge in a direct
of projected area of cutd. Later, t his 0ax
Early literaure on metal cutting assumed that the Colwell Line could be taken as the
6equivalentd cutting edge, i .e. the single
analytical purposes, equivalent to the multiple edge operation.
It must be noted thatthéo | we | | Line, being derived f
of cutd (the cut area projected nor mal t o
to be identically directed along the entire active cutting edge), is a line lying on the
6ref er enc edplapel narma to thé cuténg velodity vector. In contrast, the
chip flow seems to be associated rather with an edge on the tool rake plane which
does not necessarily lie on the reference plane.
In more recent machining literature, the use of the Colwigle lhas been
replaced by a line along the tool rake face, which has variously been called the
6cutting edge chordé [van Lutterwelt 1976]
1983, 1993c], or the dequivalent angtting €
1994]. However, the most rigorous definition of the line and convincing empirical
evidence in its support have been provided by Armarego. Armarego defined the
generalised cutting edge as fithe | ine join
edgeo edges which produce one chipo.
The advantages of the concept of generalised or equivalent cutting edge is
twofold. Firstly, it simplifies the modelling of a complex and specific rredige
operation (such as turning) by enabling one to substitute gbmation by the much

simpler generalised singled edge cutting operation. Secondly, it makes available the
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vast amount of empirical information obtained through the study of single edge
operations to the study of the wide range of rmediije operations used practice.
Thus, for instance, Armarego has shown that whenever awtw&l pair exhibits
compliance with Stablerdés rule in the cont
applicable to the generalised cutting edge of a redlfje operation condwxt under
otherwise similar conditions [Armarego 1983].
I n the present thesis the author wildl u
the straight line segment connecting the extreme points of the upper boundary of the
primary deformation zone of chimmadhe tool rake plane. If a secondary deformation
zone visibly covers the tool rake face, the points can be obtained by extrapolation of
the clear part of the primary zone boundary toward the tool rake. Evidently, the
aut horés Oequivasseaenhticathtyngi mdigav ie t he
[ van Luttervelt 1976], the O6generalised ci
6equivalent cutting edgedé of [Jawahir 1993]
Elaborate and extensive experiments have demonstrated thatusheity
exists a good correlation between the measured chip flow direction and the
corresponding friction force direction on the tool rake face [Armarego 1993a] [Ghosh
1993].
A variety of models concerning the chip flow direction are available: e.g. [Luk
1972], [Venuvinod 1978], [Armarego 1978], [Wang 1994], and [Shi 1995]. Van
Luttervelt noted in 1989 that #fAthe most se
the chip flow direction neglect side curling which is nearly always present when there
isabol cornero [van Luttervelt 1989].
As early as in 1969, Luk noted that when the chip curls-watels and is
eventually interfered by an obstruction, the experimental results can differ
significantly from those predicted by the models [Luk 1969].
Consicer now our knowledge related to the second kind of chip flow angle, i.e.
the angle measured at the TCSL. It seems that there is very little of it although,
according to [Spaans 1971] as well as [Nakayama 1972a, 1978, 1984, 1992], the chip
form is determind by angles of this kind in addition to stderl and upcurl radii.
[Spaans 1971] appears to have confused the second kind of chip flow angle
with the first kind. Thus, in effect, he neglected the -top contact length. Early

works of Nakayama also lfowed this approach. For instance, in [Nakayama 1984],
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he stated, that the chip flow angle at the 4dup separation line (TCSL) can be
estimated applying Stablerdés rul e with
[Nakayama 1992], he introdutethe inclination angle of the TCSL to the major
cutting edgeDy, and recognised that the chip flow angle at the TCSL could differ
from the corresponding chip flow angle at the cutting edge.

The present thesis will attempt to recognise more fully tHerdifice between
the two kinds of chip flow angles. In particular, it will be shown in Chapter 6 that, in
addition toDy, one more parameter needs to be taken into account in estimating the

difference between the two kinds of angles if the chip is sidecturl

2.3  Summary

A significant proportion of chip forms observed in metal cutting ai i
nature. Up curling and side curling are two essential processes that predudas
curl. A significant amount of knowledge is available with regard to pureudmg
and pure sideurling. However, there are significant gaps in our knowledge
concerning how one should analyse the geometry-DBf ¢hip forms and how one
could determine the uwgurl and sidecurl radii in the 3D case. Further, there are
significantdifferences between the natures and origins of up curling and side curling.
The absence of knowledge about how to decomped3ec@rled chip into ugurled
and sidecurled components restricts extension of knowledge about preerljpure

sidecurl to the generalised-B case.

ref
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Chapter 3
Analysis of helical chipsborn-formed I:

arbitrary single helix on the chip face

3.1  Introduction

It is generally accepted that initially continuous chips are born curled.
However, such chips may subsequently breakabse of forces arising from an
encounter with an obstacle (e.g. a tool or work surface) external to the chip formation
zone. When the external forces are light, they merely modify the deformation pattern
within the chip formation zone which, in turn, mies the chip form as the chip
leaves the cutting zone. Such a chip may be viewédral/ obstructed Note that the
class of lightly obstructed chips includes free, i.e. unobstructed, chips. When the
external forces are strong, the deformation pathgthin the chip formation zone is
unable to adapt and the chip may experience further plastic deformation (or, even,
breaking) outside the chip formation zone. Such a chip may be viewstdoagly
obstructed Clearly, the geometry of the chip during thightly loaded phase
determines the possibility and nature of chip breaking.

The majority of lightly obstructed chip forms obtained in continuous cutting
operations such as turning are particular casedphalical chips. Thus, according to
the popularchip form classifications such as those developed by Spaans [Spaans
1971] and ISO 3685 [ISO 1993], chip types such as straight ribbon, tubular, corkscrew
(washer) and conical helical chips are all particular cases of the generalied 3
helical chip.

Other chip types such as spiral, and arc chips respectively can be viewed as
helical chips (or particular-B cases of helical chips) whose progression has been
unsteady or arrested due to an obstruction. In such cases, the form of the chip as it
exists at tb moment of exiting from the tochip separation line (TCSL) will
experience further deformation. This deformation can be elastic and plastic.
Moreover, the geometry of these chips at birth can be steady or unsteady. The present
chapter is confined to thanalysis of steady-B helical chipsbornformed at the
TCSL (i.e. not deformed after the TCSL). The cHyosnformed (CBF) can be
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viewed as lightly obstructed chips whose elastic deformation after exiting the TCSL is
negligible

Clearly, chipsbornformed are rigid chips starting from the TCSL. Later, in
Chapter 5, an analysis of the steady &hipsdeformedafterbirth (CDAB) will be
developed with reference to the basic analysis of the ste@dgl8psbornformed.
Besides, a clue will be provided & later analysis regarding how one may analyse
chips that were unsteady at birth. Hence, while analysing chip forms, it is essential to
have a logically consistent view of the mapping between tHg2 @nd 2D
manifestations of helical chip forms.

It is important to understand how one may relat@ &hip curl to 2D notions
of up curl and side curl for several strong reasons. Firstly, the analysis oflCthe 3
phenomenon is simplified if this phenomenon could be resolved into a seb of 2
phenomena. Seconylby identifying the 2D component parameters of a giveiD3
chip, we could utilise the considerable knowledge that metal cutting research
community has accumulated with respect to purehzunted and purely sideurled
chips. It will be shown later in l@pters 5 and 6 that the -gprl and sidecurl
parameters of a-B chip appear to have fundamental meanings with regard to
phenomena within the chip formation zone as well as the chip's subsequent
deformation.

The work of Nakayamat al. [Nakayama 19781992] seems to represent the
currently reigning paradigm concerning the geometric analysis@fcBip forms.
These authors note that dAbasically the
helical trajectoryH, on this screw surface in terms of iitglius,r, pitch, p, and the
angle,q, between the axis of the helix and the tool rake plane (see Figure 3.1a).
Further, they suggest that the geometric form of the chip prior to its breaking is
completely determined by the velocity and curl states otlkte at the moment the
chip leaves the toathip separation line. These velocity and curl states are in turn
determined by the complex deformation patterns experienced by the work/chip
material as it passes through the primary and secondary deformaties @oor to
arriving at the TCSL. Thus the TCSL is the boundary between the worlds of chip
formation analysis and the analysis of cHyesn-formed.

Figure 3.2, which has been adapted from [Nakayama 1978], illustrates the

location and orientation of thECSL in a turning operation. Generally speaking, the

c hi
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(a) Chip helix {b) Orthogonal circular arcs
of chip helix in XOY
and YOZ plancs

Figure 3.1 Representation of chip face helix
(adapted from [Nakayama 1992])

Ay

Tool-chip

contact arca
TCSL-

Figurc 3.2 The TCSL in turning
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TCSL is not parallel to the cutting edge. No complete model for estimating the angle,
Dy, between the TCSL and the cutting edge is yet available. \idgen 0, the
distance between the TCSL and theting edge (i.e. the to@hip contact length, d.

is not uniform. A review of literature related to chip formation reveals that, although
there have been many investigations concerniggvihen it is constant, the more
general case of namiform L. hasnot yet been studied satisfactorily. This means
that, in most cases, we do not have the means of estimating either the orientation or
the location of the TCSL.

Consider now our ability to estimate the angular deviatignof the chip
velocity from the ormal to the TCSL. It follows from Figure 3.2 that= h. - Dy
[Nakayama 1978, 1992] whelg is the chip flow angle at the cutting edge and with
respect to the normal to the cutting edge. While much literature exists with respect to
h., there is no solubn available for estimatindpdy. Hence, it continues to be
problematic to estimate. It therefore appears that there are two essential tasks in chip
analysis. The first concerns the determination of the parameters of the TCSL (such as
its location and theelocities of the chip particles along that line) from the viewpoint
of the world offormationof chip form that manifestseforethe chip has arrived at the
TCSL. The second task concerns how one may connect the parameters of the TCSL to
the chip form theadevelopsafter the chip has left the TCSL and has entered the world
of chip form analysis While both these tasks are important, the present chapter will
focus on the second task. The solution of the second task opens a new way of
addressing the first tlsas will be seen in the next chapter.

An interesting problem arises while attempting to achieve a mapping between
the 3D and 2D manifestations of helical chip forms. This concerns the fact that,
whereas generalised chip form analyses need to-be @most all our present
knowledge concerning chip forms has been represented in terms of two orthegonal 2
D states of chip: pure (i.e. unmixed with any other form of curlinggurfed chip and
pure sidecurled chip. For instance, recognising their dominancthe literature on
chip formation, Nakayamat al, [Nakayamal972a, 1978, 1992] have utilised the
concepts of chip flow direction represented by amhglthe radius of side cunts, and
the radius of up curl,s, while attempting to express thelBchip form parameters,

p andqg. Note thatrg, h andr, are concepts that are essentially related to two

orthogonal 2D states (see Figure 3.1b).
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It should be clear from the above that we are faced with the task of
characterising a-® phenomenon from inforation concerning itsvo orthogonal 2D
views. Experience shows that one should generally expect ambiguities while trying to
map from two 2D views to a 3D view. For example, in the realm of graphics, a
triangular prism could be interpreted as a compaefndvo quadrilateral projections
or as a compound of one quadrilateral projection and one triangular projection.
However, no ambiguities usually arise if three orthogorBl [&ojections are given.
Likewise, no ambiguities usually exist in a mapping froi & 2-D.

The principal intent of the present chapter is to identify and resolve the
ambiguities, if any, that arise while expressing stestdie 3D helical chips in terms
of the parameter$, rs and r, of two orthogonal D views of the chip. As in
[Nakayama 1972a, 1978, 1992], the analysis will focus on the fundamental case of
machining with tools with flat rake faces. This is because it would be difficult to study
the chip forms obtained with complex chip formers if one does not have a clear
understading of the simpler case of cutting with flat rake face tools. Further, an
equivalent flat rake face is often invoked in the analysis of cutting with complex chip
formers (e.g. [Jawahir 1994]).

It will be argued that there exist several plausible dafims of r, andrs
depending on the chosen viewpoint concerningub and sidecurl components of a
3-D chip. A 3D chip form analysis will be developed to identify the relationship
corresponding to each definition between the parameter sktgndq) of the 3D
chip form and the parametargandr s of the two 2D views of chip ugcurl and side
curl. It will be shown that these relationships are distinct and the relationship
presented in [Nakayama 1972a, 1978, 1992] seems to be just one of these. The
aternative relationships will be compared to identify the most logmadlidate.

Before embarking on the analysis eD3helical chip upcurl and sidecurl, a
preliminary but essential analysis of the chip face geometry will be introduced. The
notions dé up curl and side curl will be attributed to helices on the chip face since the
helices are trajectories of the chip particles starting from the TCSL. This approach
takes into account the possibility of the-cyrl and sidecurl parameters varying
acrosshe chip face. The geometric analysis presented in this chapter will focus on an

arbitrarily located single helix on the chip face.

3.2  Preliminary geometric analysis
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Figure 3.3 illustrates the geometric analysis. In contrast to [Nakayamal978,
and 1992],where it was assumed that the TCSL is a strdightsegment, we will
start with the assumption that the TCSL is a plane curve. Thehagitted Cartesian
system XYZ is centred at an arbitrary point, O, on the TCSL. Axis Z is normal to the
tool rake plae with the positive direction pointed outwards from the tool rake face (as
in [Nakayama 1978, and 1992]). Axis Y is normal to the projectiqn, & the chip
helix axis, A4, on the tool rake plane and is directed towards the right as shown in
Figure 3.3 & generalised definition of direction Y will be provided later in Chapter 4).

Note that axes X and Y lie on the tool rake plane.

A m

Figure 3.3 Coordinate systems of the analysis of arbitrary helix on the chip face

In Figure 3.3, @O, is the TCSL which is initially assumed to be curved. The
outer surface of the chip is generated ttuthe helical motion of the TCSL about axis
Ay. Thus, points @and Q are the boundary points on the TCSL that generate helix
Ho with radiusr o and helixH; with radiusr ; respectively. The convention adopted is

thatr o > r 1. This means that whemny =r 1 (as in the case of a tubular helical chip), the
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choice of points @and Q becomes uncertain. However, either choice would lead to
the identification of the same chip form parameters.

Vo is the velocity of the chip particle at O, which should lie ontdot rake
plane [Nakayama 1978]. Lét be the angle betweeévis and axis Y. A trajectory of
the chip particle starting at point O is a circular hetix,HenceVo can be resolved
into two orthogonal instantaneous velocitis and Vi : V1 is the translatioal
velocity parallel to the helix axis, A andVr is the rotational velocity corresponding
to the angular velocity of rotatiomy, about A,. A steady state chip implies a TCSL
that remains constant in space and time.

The analysis to be developed in the present chapter will mainly present the
expressions for various important parameters related to point O of the TCSL, i.e. to
helix H. The analysis will be extended to the entire chip face in Chapter 4, i.e. it will
be directed towards the geometric relationships between different helices (especially
Ho andH;) on the chip face.

The following equations can now be progressively @erifrom the above

scenario:
Vo =V{sinA, cosh, O}, (3.1)
Vo=V +V; (3.2)
V; =V, sinhcog (3.3)
V; =Vsinhcosyfcosq, 0,- sing},,, (3.4)
Vg =V, - V; =V {sin hsin’ g, cosh, sinhssinqcosg} ., (3.5)
V. =V, y1- sin hcos g (3.6)

Vo+/1-sin’h
we Ve = Voyl-sin cos’ q (3.7)
r r
Vg4/1-sin’hcos’

w = . g {cox, O,-sinq},y, (3.8)

2p sinhcosg

3.9
\/1-sin2h cosq :9)

p=(2p/w)V; =

At this stage, it is useful to introduce another right hanagdf Cartesian
axes, X, Yy, and £ centred at O such that,¥s directed alon o, and %, is normal

to the rake plane (ZZ). The following equation can be used to transform a length
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variable from system XYZ to system,XyZy:

ex, a exa ecosh -sinh Og
1y u=[R,Jiyli where[R,]=Sih cosh Of (3.10a, b)
tz, [z g0 0 1§

Let Oy be the point on A such that line OQis perpendicular to A Clearly,
the position vector (or the radius vectar),of the helix generated by point O has a

magnitude equal to distance,O and is directedlong Q,O. Letu, u,_, anduy be

the unit vectors directed alorrg Vg andw respectively. Them, must be directed

normal tou, as welluy,, becaus&/gr =w?3 r. Thus,
r=r(u)=r(uy, 3 uy) =(Ve® W

= r {- coshsing, sinhsing, - coshcogy },, (3.11)

J1-sin*hcos’q

_ r {-Sirq, O,-CO§1COS:] }XVYVZV
1-sin’hcos’q

Let Oy be the projection of O on A Let e and f be the distancegO and

OnOy, respectively. It can now be shown from Figure 3.3 that
ezr =T sinhsing _ V;tam
’ J1-sin*hcogq w

(3.12)

fo__fecos (3.13)

J1-sinhcos’ q

If it is assumed that the chip is in steady state helical motion as a rigid body

after leaving the TCSLevery helix on the chip must have the saweand w.
Applying the conditions of constancy ofrMv, andq to Equation 3.12, it follows that
the magnitude of e must be the same for every point on TCSL. This implies that
(i) the TCSL must be a straighhe segment, and

(ii) the segment must be parallel tgA

Hence the TCSL has to be a straighé segment collinear with axis X.

Recall that point @generates the chip helix with the largest radius whereas
point O, generates the helix with the smatleadius. If we locate @at the end cutting
edge side of chip and O is taken to represer{tMdich generates the outer helix), then
our axes X, Y, and Z (see Figure 3.3) will coincide with axes X, Y, and Z used in
[Nakayama 1978, 1992]. Otherwise, podtshould be taken to represent point O

(generating the inner helix) to ensure coincidence between the two coordinate
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systems. It is therefore evident that the Cartesian axes adopted in [Nakayama 1978,
1992] do not always correspond to the outer or ineéx lof the chip. Hence, for two
chips with geometrically identical screw faces, the estimates-octiti@nd sidecurl
radii resulting from the analysis in [Nakayama 1978, 1992] can differ significantly
depending on whether the axis system happenedderieed on the inner or the outer
helix of the screw surface of the chip.

Now we are ready to determine the relationship between the geometry of
steadystate 3D helical chip and D concepts of pure sideurl and pure wgurl.
Note that the analysis ofi¢ chip face geometry has led us to the conclusion that the
tool-chip separation linenustbe a straightine segment when the tool rake face is flat
and the chip is in steady helical motion as a rigid body after leaving thehipol

separation line.

3.3  Determining up-curl and side-curl radii
3.3.1 Some inconsistencies arising from the currently reigning definitions

of up-curl and side-curl radii

Consider the definitions of ugurl and sidecurl radii according to [Nakayama
1978, and 1992]. Figure 3.1b an adaptation of the illustration used by Nakayama
and Arai [Nakayama 1992] in defining the radii of up cug) @nd side curlr(s) while
machining with a tool with a plane rake face. In this illustration, axis X is along the
TCSL, axis Y is perpendicat to X while being parallel to the rake plane, and axis Z
is perpendicular to both X and Y (i.e. perpendicular to the rake plane). The origin is
set on axis X at the end cutting edge side of the chip. According to [Nakayama 1992],
Awhen t he ftcwin [Figurer3clib] lara com@ounded, the helix in [Figure
3. 1la] is producedo. The radius of the arc
curl, r,, whereas the radius of the arc in plane XY is taken as the radius of side curl,
rs

The following claracteristics of the pure forms of up curl and side curl have
been recognised in [Nakayama 1978, 1992].
Pure upcurl:
1 The TCSL is parallel to the cutting edge, Dy. = 0. Hence the plane normal to

the TCSL is identical to that normal to the cutting edge

1 The toolchip contact length, d.. chip velocity,Vo, andr are uniform along the

TCSL The chip axis is parallel to the rake planeg.=.0.
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9 Likewise,h =0 andh,= 0.

1 The chip geometry is completely determined by considering just the plane normal
to the cutting edge.

Pure sidecurl:

1 Vois linearly varying along the TCSL so tHay , O andr sis not constant along
the TCSL.

1 The chip axis is normal tile rake plane, i.4g| = 90 .

1 The chip geometry is completely determined by considering just the tool rake
plane (i.e. the plane XY).

Nakayameet al. [Nakayama 1978, and 1992] considere® &hip formation
and assumed that plane YZ is the plane ofunb and that the projections of velocity
Vo of the chip particle on planes YZ and XY respectively match, as instantaneous
linear velocities of rotations, the angular velocities of rotations with respect to up curl
and side curl. Further, they noted ttiad angular velocityw, of the 3D chip has only
two nonzero componentswy, and w,, perpendicular to planes YZ and XY
respectively. Hence they identified these as the angular velocities of up curl in plane
YZ and side curl in plane XY respectively. Thtise radii of up curl and side curl of a
3-D chip were taken to be the radii of rotation in planes YZ and XY respectively. This
procedure led to expressions f@randw, in the form of Equations N1 and N2 listed
in Table 3.1. These expressions were thelsed in relating to @D helical chip
geometry to arrive at Equations N3 and N4 dpandr respectively. Note that,
although Nakayamat al. [Nakayama 1978, 1992] had not explicitly stated them, a
combination and rearrangement of Equations N3 and Ni& leanEquations N5 and
N6 forr, andr s respectively (see Table 3.1).

However, a deeper examination of the analysis of Nakaynah points to
several inconsistencies. For instance, the analysis assumes that the angular velocity of
pure upcurl liesin plane XZ. In contrast, in the case of @&3chip, this angular
velocity,wy, can lie in a plane which has a Rpero offset from plane XZ. Therefore a
potenti al i nconsi stency exists with regard
reports, there exisesv e r a | controversi al statements su
line of tookchip separation has no velocity component in ta&ection, there is no

Table 3.1 Equations developed or implied by Nakayanh#
[Nakayama 1978, 1992]
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Eqg. No. Note Equaton
N1 [Nakayama 1978] w, =V /r,
N2 [Nakayama 1978] w, =(Vcod)/r
N3 [Nakayama 1978, 1992] tang=w, /w, =r ,/(r ,cosh)
N4 [Nakayama 1978, 1992] _ 1-sin’hcod q
(cosh/r )*+ (1l )?

N5 By combining (= r cosh

N3 and N4 " cogp/1-sin’hcosq
N6 By combining (= r

N3 and N4 * singy/1-sin’hcogq

rotational motion onthe-g x i s0 [ Nakyama 197 8] (see Figur
Nakayamads own equat wadoessotpasshiheough poghid aad v el o
is inclined to the tool rake plane.Mfis then transported to,@ccording to mechanics
principle, the very -divieé otciiaryd compwineg nt ne wn
Al ternativel vy, i f the @kiasade meaotsatriodtmali om
axis parallel to axis Y, the rotational motion could heereexist such that -Z
component of the velocity corresponding to the motion was annihilated-by Z
component of rotation around axis X. Alternatively, rotation around axis Y could be
realised without a L£omponent of the corresponding velocity at all if #has of
rotation lies in plane YOZ and has an-sét with respect to the tool rake plane, etc.

Hence there is a need to defing andrs in such a manner as to avoid
inconsistencies when analysingd3chips. The next section will examine several such

definitions.

3.3.2 Searching for more plausible definitions of upcurl and side-curl radii

During early investigations by the author, it soon became clear that plausible
definitions ofr, andr s can be arrived at from several viewpoints. Firstly, one could
adopt the viewpoint of rotatioar that of curvature. Secondly, one could view these
with reference to the TCSL (it will be shown later that the TCSL has to be straight and
parallel to Ay, if the chip is helicalpr the chip velocityo (since, in the casof pure

up-curl the plane normal to the TCSL is identical to the plane parall®lotand






