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Abstract 

 

Modern machining strives for higher levels of metal removal rate, quality of 

machined parts, process safety, and automated in-process control. All these features 

depend, inter alia, on the success of chip control. While many kinds of chip-breaking 

systems have been developed, their designs have mostly utilised human intuition based 

on empirical knowledge with little theoretical underpinning. Consequently, the 

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 

although 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, attempts 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 describes 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) than hitherto available and the associated implications 

of practical import. 

First, the notions of up-curl and side-curl radii of 3-D chips are re-examined 

and it is shown that current views on up-curl estimation are erroneous in part. As a 

result, a new analysis of 3-D 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 chip-in-process from measurements of the chip-in-hand. The analysis 

is then extended to chip geometry modifications resulting from encounters of the chip 

with an external obstacle. It is concluded that the side-curl curvature of thin and wide 

chips is likely 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 geometry of 3-D chip form and chip 

formation parameters, such as tool-chip contact length, related to phenomena within 
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the chip formation zone. Finally, theoretical predictions from the new geometric 

analysis are validated through experiments including cutting with obstruction-type 

chip former and chip guiding groove, manual chip deformation, and video camera 

studies of chips- in-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 

problems½from the study of chip-in-hand and chip-in-process to planning of chip 

progression. It may also be used for further development towards chips produced by 

tools with curved rake faces and 3-D irregular chips. 
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Scalars are presented in regular font. If a vector corresponding to a scalar 

exists, it is represented by a similar symbol in bold font. The presence of x, x¡, xH, xV, 

y, y¡, yH, yV, z, z¡, zH or zV in the suffix of a symbol indicates that the symbol refers to 

the component of that vector along the specific axis.  

ap   depth of cut 

a   a constant 

AH   axis of H 

AHr   projection of AH on the tool rake plane 

A0, A1   the outer and inner points respectively of chip face at the ECE 

b   width of chip 

b1   slant width of helical chip; length of line joining C0 and C1 

bECE   width of chip along the ECE 

bp   the component of bECE at the tool back plane, the component 

in the direction normal to the workpiece cylindrical surface 

B   the point of contact between the chip face and the clamp-on  

chip breaker (curler)  

c   a constant 

C  an arbitrary point on the FLASC / the end point of tool-chip  

contact  

CAB   chip-at-birth, i.e. CIP immediately after the TCSL 

CBF   chip-born-formed 

CDAB   chip-deformed-after-birth 

CFBZ   (3-D) chip-form-birth zone 

CIH   chip-in-hand 

CIP   chip-in-process 

CNC   computer numerical control 

C0, C1 end points of the FLASC corresponding to the largest and  

smallest chip radii respectively 

DC   deformed chip, i.e. the chip in the state after the original chip  

has been subjected to the additional deformation 
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e normal distance between AHr and axis X; distance between 

points OHr and O 

E  the modulus of elasticity of chip material / the point at the ECE 

ECE equivalent cutting edge defined in the text  

f   distance between OH and OHr 

f0   the magnitude of f corresponding to point O0 

FLASC  face line of axial section of chip 

FLASC1, FLASC2,  

FLASC3   FLASCs at the three axial cross-sections of the chip sample as 

   described in the text 

G   the shear modulus of chip material 

h1   length of projection of b1 on chip axis, AH 

h*   h1 of H*  

H   helical path generated by the chip particle at point O, a helix 

of the helical chip face 

H0, H1   the outer and inner helices of the helical chip face respectively  

H
c
   the cuspidal helix 

H*    the upper boundary helix of the stretched region of the helical  

chip face 

xy
H , yz

H , zx
H  projections of helix H on planes XY, YZ, and ZX respectively 

VVH
yx

, VVH
zy

, 

VVH
xz

 projections of helix H on planes XVYV, YVZV, and ZVXV  

respectively 

I   the point of intersection of the chip axis (AH) with the tool rake  

plane 

k1, k2   constants defined in the text 

L   the distance between points O0 and O on the tool-chip  

separation line  

L1   length of the tool-chip separation line; the distance between  

O0 and O1 

Lc tool-chip contact length measured in the chip flow direction at 

the cutting edge 

Lc0, Lc1 tool-chip contact lengths (distances between the ECE and  
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the TCSL) measured along the outer and inner edges of the chip  

face respectively 

max¼q¼   the maximum permissible absolute value of q  

MR   the sample midrange 

MRp*   MR of the parameter p* where p* could be ku0c, ku1c, ku0o, ku1o, 
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MCE   major cutting edge 

NC   numerical control 
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normal to AH meets AH 
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OHr projection of point O on AHr, point of intersection between the 
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OHr1 projection of point O1 on AHr, point of intersection between the 

plane passing through OH1 normal to w and AHr 

Os   centre of curvature of the chip face contacting with tool 

O¡¡   projection of A0 on the MCE 

OC   the original chip, i.e. the initial chip prior to additional  

deformation 

p   pitch of helical chip 

pextr   the extreme pitch of helical chip 

pc   pitch of the compressed chip 

pd   pitch of the deformed chip 
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po   pitch of the original chip 

pt   pitch of the tensioned chip 

R   the sample range 

Rp*   R of the parameter p* where p* could be ku0c, ku1c, ku0o, ku1o, 

   ku0t, ku1t, ks0c, ks1c, ks0o, ks1o, ks0t, ks1t, pc, po, pt, etc. 

Rp*i   Rp* of the chip sample i 

[RH]   transformation matrix from system XYZ to system XHYHZH 

[RV]   transformation matrix from system XYZ to system XVYVZV 

[R¡¡]   transformation matrix from system XYZ to system X¡¡Y¡¡Z¡¡ 

t   time measured from the moment the chip particle at O leaves  

the TCSL / a parameter 

tmax   the maximum thickness of chip 

TCSL   tool chip separation line 

10 AA  , VV   velocities of chip particles at A0 and A1 respectively 

0OV    velocity of chip particles at O0  

1OV    velocity of chip particles at O1  

VO   velocity of chip particle at O (assumed to lie on the tool rake  

plane) 

c

OV    VO corresponding to H
c
  

VR   velocity of rotation of chip particle along helix axis, AH  

VR0, VR1  VR at O0 and O1 respectively 

VT   velocity of translation of chip particle along helix axis AH  

VT0, VT1  VT at O0 and O1 respectively 

 z,y,x III  coordinates of point I in system XYZ 

 z,y,x
sss OOO  coordinates of point Os in system XYZ 

X, Y, Z right-handed Cartesian axes centred at O such that X is parallel  

to AHr , Z is positively directed outward from the tool rake 

surface and Y is perpendicular to AHr while being parallel  

to the tool rake plane 

XH, YH, ZH  right-handed Cartesian axes centred at OH such that XH is 

directed from OH to O and ZH is directed along w 
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XV, YV, ZV right-handed Cartesian axes centred at O such that YV is 

directed as VO, ZV is positively directed outward from the tool 

rake surface and XV is parallel to the tool rake plane  

XV¡, YV¡, ZV¡ right-handed Cartesian axes centred at OH such that the axes are 

directed parallel to axes XV, YV, and ZV respectively 

Z ,Y ,X ¡¡¡  right-handed Cartesian axes centred at OH and directed parallel 

to axes X, Y, and Z respectively 

X¡¡, Y¡¡, Z¡¡ right-handed Cartesian axes centred at O¡¡ such that X¡¡ is 

directed along the MCE towards A1 and Y¡¡ is perpendicular  

to the MCE at the tool rake plane while Z¡¡ is positively  

directed outward from the tool rake surface 

X*, Y*, Z*  right-handed Cartesian axes centred at A0 such that X* is 

directed along the ECE towards A1 and Y¡¡ is perpendicular to 

the ECE at the tool rake plane while Z* is positively directed 

outward from the tool rake surface 

a   angle between vectors r and r0 / a numerical factor  

a1    magnitude of a when r1 replaces r 

b a numerical factor 

go   tool orthogonal rake angle 

d   length of the perpendicular from point C on to straight line  

C0C1  

dm   the maximum value of d 

1r
d    increment of r1  

Dr   the difference between r0 and r1  

Dj   the difference between j0 and j1  

Dy, Dy(MCE) angle between the MCE (assumed to be straight) and TCSL 

Dy(ECE) angle between the ECE and TCSL 

emax   the maximum tensile deformation of the original chip  

V angle between OsA1 and OsA0  

hc chip flow angle at the cutting edge: angle between velocity of 

chip particle at the cutting edge and the normal to the cutting 

edge in the tool rake plane 
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h angle between VO and axis Y or the generalised chip flow angle  

h0, h1   the magnitude of h at points O0 and O1 respectively 

¼h0¼max  the maximum possible absolute value of h0  

h0c  the magnitude of the generalised chip flow angle at the outer  

edge of the face of the compressed chip 

h0d  the magnitude of the generalised chip flow angle at the outer  

edge of the face of the deformed chip 

h0o  the magnitude of the generalised chip flow angle at the outer  

edge of the face of the original chip 

h0t  the magnitude of the generalised chip flow angle at the outer  

edge of the face of the chip after being subjected to tension 

h0(ECE), h1(ECE) chip flow angles at the outer and inner edges of the chip face 

respectively measured on the tool rake plane at the ECE with 

respect to the normal to the ECE 

h0(MCE), h1(MCE) chip flow angles at the outer and inner edges of the chip face 

respectively measured on the tool rake plane at the ECE with 

respect to the normal to the MCE 

q angle between AH and AHr, angle between AH and tangent plane  

to the helical chip face 

qc   q of the compressed chip 

qo   q of the original chip 

qt   q of the chip after being subjected to tension 

qe   the maximum angle of elastic twist of a helical fibre  

on the chip face  

k vector of curvature of helix H at point O 

k   magnitude of curvature of helix H 

ku   magnitude of chip up-curl curvature 

kuo, kut   ku of the original and tensioned chips respectively 

ku0, ku1   ku of helices H0 and H1 respectively 

ku0c, ku1c  ku0 and ku1 respectively of the compressed chip 

ku0d, ku1d  ku0 and ku1 respectively of the deformed chip 

ku0o, ku1o  ku0 and ku1 respectively of the original chip 
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ku0t, ku1t  ku0 and ku1 respectively of the chip after being subjected  

to tension 

kr   tool cutting edge angle 

ks   magnitude of the side-curl curvature 

ks0, ks1   ks of helices H0 and H1 respectively 

ks0c, ks1c  ks0 and ks1 respectively of the compressed chip 

ks0d, ks1d  ks0 and ks1 respectively of the deformed chip 

ks0o, ks1o  ks0 and ks1 respectively of the original chip 

ks0t, ks1t   ks0 and ks1 respectively of the chip after being subjected  

to tension 

kXY   magnitude of the component of k parallel to the tool rake plane 

k0, k1   k of helices H0 and H1 respectively 

k0o, k1o   k0, k1 respectively of the original chip 

s0ik    the arithmetic mean of values of ks0 of the chip sample i  

s0k    the arithmetic mean of values of s0ik  of the all chip samples 

kr¡   tool minor cutting edge angle 

ls   tool cutting edge inclination angle 

m   the Poisson ratio 

n angle between ECE and MCE 

x   a profile curve of a flat helicoid 

r position vector of a particle of H at point O joining OH to O 

r0, r1   the largest and smallest radii respectively of screw chip  

face respectively 

r3 the third radius of chip curl complementing ru and rs that  

may exist under some definitions of ru and rs when  

the chip form is 3-D 

rs   radius of chip side-curl curvature 

rs0, rs1   rs at points O0 and O1 respectively; rs of H0 and H1 respectively 

rs0d, rs1d  rs0 and rs1 respectively of the deformed chip 

rs0o, rs1o  rs0 and rs1 respectively of the original chip 

rs*    rs of helix H*  

ru   radius of chip up-curl curvature 
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ru0, ru1   ru at points O0 and O1 respectively, ru of H0 and H1 respectively 

ru0d, ru1d  ru0 and ru1 respectively of the deformed chip 

ru0o, ru1o  ru0 and ru1 respectively of the original chip 

zxyzxy  , , HHH rrr  radii of curvature of xy
H , yz

H , and zx
H  respectively 

VVVVVV HHH xzzyyx  , , rrr radii of curvature of VVH
yx

, VVH
zy

, and VVH
xz

 respectively 

r*  radius of helix H*  

X¡wr , Y¡wr , Z¡wr  radii of rotation of the chip particle at O about axes X¡, Y¡, and 

Z¡ respectively  

¡w

r VX , 
¡w

r VY , 
¡w

r VZ  radii of rotation of the chip particle at O about axes XV¡, YV¡, 

and ZV¡ respectively  

se the elastic tensile limit of chip material  

t the torsion of chip face helix 

tmax the maximum value of t 

tmin the minimum value of t 

tomin tmin of the original chip 

te the elastic limit of chip material in shear 

t0, t1   t of helices H0 and H1 respectively 

t0d, t1d   t0 and t1 respectively of the deformed chip 

t0o, t1o   t0 and t1 respectively of the original chip 

t0omin, t1omin  the minimum values of t0o and t1o respectively 

t0t, t1t   t0 and t1 respectively of the chip after being subjected to  

tension 

t0tmin, t1tmin  t0 and t1 respectively of the original chip 

u   angle between OsA1 and A1A0 

j0 angle between OsO1 and OsA1  

j0 angle between OsO0 and OsA0  

w angular velocity of rotation of the chip particle at O around  

 helix axis AH 

ws angular velocity of rotation of chip particles around point Os 
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Chapter 1 

Introduction  

 

1.1 The importance of machining 

Amongst the various manufacturing processes, machining continuous to hold a 

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 

used 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 type of cutting 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 used for low 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 cam-operated mechanisms, etc. All 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 basis for improved 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 small to medium production 

volumes.  
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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 ever-decreasing 

production costs and times. This has meant that modern manufacturing systems need 

to become ever more flexible and agile. 

 

1.3 Problem of chip-control½ a major hurdle to unmanned machining 

It is evident from the previous section that progress in machining technology 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 machine is actually 

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, on-line monitoring and diagnostics, etc. for achieving 

unmanned machining. However, 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 shape by converting 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 within seconds, 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 mechanise this task. 

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. 
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Modern machining is characterised by ever-increasing 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 problem. Consequently, nowadays, there is 

extensive need for a reliable chip breaking 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 chip breaking 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 duration 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 process. Chips 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 cutting. Such 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 chips obtained 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 tungsten-carbide cutting tools. 

Thus a symposium ñon methods of breaking up long, heavy chips incident to the use of 

tungsten-carbide cutting toolsò was reported in 1930 [Am. Mach. 1930]. The usual 

method of breaking up chips in those days was to ñhook grindò the tool or to clamp a 

piece of rectangular steel in the tool post 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 
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forecasted that ñincrease in the size and power of machine tools and the increasing use 

of alloy steels will make the matter of chip breaking more important as time passesò. 

Thus inquiries were sent out to people in England, continental Europe, and the United 

States of America asking for information on 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, another global symposium conducted in three parts 

was initiated again by the ñAmerican Machinistò [Am. Mach. 1938a-c]. By that time, 

owing to developments in carbide tools, machine tools capable of high cutting speeds 

had become widely available. The symposium correlated the chip control problem 

with ñ[the] rapidly increasing application of modern cutting material to steel turning 

and boring operations é at the high speeds possible with [the] cutting materialsò [Am. 

Mach. 1938a]. Further, according to [Am. Mach. 1938b] ñ[i]n the old days a strip of 

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 speeds, in those days, were relatively slow and this 

could be done with safety. Present day cutting speeds make this impractical, if not 

impossible.ò The symposium found that ñchip breakage is problem in itselfò, ñchip 

curlers are most important when cutting steelò and advised ñcaution in the application 

and use of chip breakersò. It has been recognised that ñany device which appreciably 

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 or even tool breakage, if the greatest care is 

not observedò [Am. Mach. 1938b]. Another remarkable finding was that ñthe same 

chip breaker is not applicable to all turning and boring jobs; each set of conditions 

must have separate considerationò, and ñthe depth of cut, feed per revolution and 

physical characteristics of the material will greatly affect the form of the chips. These 

factors, in turn, serve to determine the form of the necessary chip breaker.ò  

Following the works referred to above, there were many attempts 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 recognised 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 a by-product and (ii) it 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. ñ[T]oo little chip breaking leaves the chip in the snarling 

stage, ... too much chip breaking produces flying chips which are a nuisance ...ò 

[Henriksen 1954]. It is therefore essential that the chip-breaker dimensions are 

properly set for a given effective tool geometry and cutting conditions. This poses a 

problem in CNC operations where the effective geometry and 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 predominant even today (see Figure 1.1). Almost all tool insert makers 

have proprietary chip breaker designs developed on the basis of intuition and 

considerable off-line experimentation. However, in practice, each such chip former 

design is found to be effective 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 an experimental art. ñThis passive and off-line 

approach has resulted in a nightmarish (and, as some believe, purely market driven) 

proliferation of inadequately tested insert typesò [Venuvinod 1996].  

As it had been recognised already in 1938, it is important that the chip-breaker 

dimensions are properly set for a given effective tool geometry and cutting conditions. 

This poses a problem in modern CNC operations where the effective geometry and 

cutting conditions vary continuously within a machining operation. Different methods 

have been tried to solve this chip control problem by means of agents external to the 

cutting process and hence independent from the attributes of the process itself. First, 

pneumatic striking of chip was tried [Vlasov 1965]. Next, vibrators were attached to 

the cutting tool to produce discontinues chip through oscillatory 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 passing a strong electric current (from 

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

influencing the chips through a high-pressure jet of fluid started at least from 1973 
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[Nagpal 1973]. Development of high-pressure equipment allowed 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 development of 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 of CO2 (referred to as ñhigh-pressure 

cryogenic coolant flowò). The Floject process was developed commercially by 

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, actually appear to be 

very particular solutions because of the associated high cost, low cutting safety and 

quality, etc. Hence, a predominant proportion of the machining industry continues to 

attempt to achieve chip control through the use of properly designed cutting tool 

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 to the chip form  

 

Figure 1.2   Active chip control [Venuvinod 1996] 

 

detected by a set of on-line sensors [Venuvinod 1996]. However, a prerequisite to the 

success of this approach is the availability of systematic methods for decomposing the 

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 on the other side.  
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Developing the proper notions about 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 chip form. 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 chip control by means of cutting 

tools with specially designed topographies as commonly used nowadays [Sandvik 

1994]. 

1.4 Knowledge of chip form geometry½a prerequisite to effective chip control 

It has long been recognised that the term óchip breakerô is really a misnomer. 

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

ñ[t]wo chip breakers, having the same chip-flow circle [see Figure 1.3], will break the  

chip in [practically] the same manner.ò He explained this observation by noting that 

ñthe chip breaker does not break the chip; its action is primarily that of curling or 

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 the chip have so much 

rigidity that a breaking pressure can be built upò (see Figure 1.4).  

 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 solution to this 

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 tool geometry 

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. However, this will 

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 
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solve this problem by controlling the position and orientation of a clamp-on chip 

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 the chip formation 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 ñconveniently guided into the chip pan of the machineò 

[Henriksen 1954]. 

The present thesis will focus on 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 focus on the physical state of the chip rather than on its form. For 

instance, Astakhov said the following: ñUnfortunately, the known [chip form] 

classifications originate only from differences in the chip appearance but pay no 

attention to the physical state of the chip, including its state of stress and strain, 

hardness, texture, etc. é Thus, the known classifications have a post-process nature 

rather than being of a help in making pre-process decisions about chip breakingéò 

[Astakhov 1999].  

Notwithstanding comments 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 that there is still much lack of knowledge concerning how one 

should describe the geometry of the ñchip appearanceò. It will also be shown that a 

correct understanding of the geometry of ñchip appearanceò actually yields valuable 

information concerning how we may validate our notions about the physical state of a 

chip and hence to make more correct ñpre-process decisionsò. 

A chip that has arrived at the chip collector pan is totally disconnected from the 

cutting process. It can be picked by hand and manipulated without 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 referred to as the chip-in-process (CIP). 

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

face of a chip-in-process (CIP):  
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¶ Location E represents the primary zone of chip plastic deformation or 

equivalent cutting edge (that will be defined later in Chapter 2). It has been 

generally believed that the chip is óbornô here (this point will be discussed in 

detail later in Chapter 5). 

¶ Location C represents the end of chip tool contact area, i.e. the tool chip 

separation line (TCSL).  

¶ Location B represents the line or point of contact between the chip face and the 

clamp-on chip breaker (curler). The question of this location does not arise in 

the absence of a clamp-on chip breaker.  

¶ Location O is the line or point of contact between the chip face 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 ñfreeò chips [Kluft 1979].  

 Having recognised the above four general locations on a chip, we can divide 

the chip-in-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 at E) is in the zone of (3-D) 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 the tool-chip contact (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 E and rapidly reduces to zero at C. Whereas some 2-D chips can demonstrate 

their forms immediately after passing location E, in general, 3-D curl of the chip face 

appears only after passing location C and, hence, we consider the CFBZ to be 

extending up to location C.  

The CFBZ ends at the tool chip separation line (TCSL). [Nakayama 1978, 

1992] assumed that the TCSL is a straight line when the tool rake surface is plane. It 

will be proved later in Chapter 1 that the TCSL must be a straight line if the chip form 

starting from C is helical. Depending upon the thermo-mechanical conditions within 

the CFBZ, the chip cross-section at the TCSL will have a certain velocity distribution. 

[Nakayama 1978, 1992] pointed out that this distribution will uniquely decide the  
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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 thermo-mechanical conditions within the CFBZ, the chip 

cross-section 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 factors determine the exact form of the chip upon exiting from tool 

rake face? Clearly, if the chip does not experience any plastic deformation 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, obtaining 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 to develop a more detailed and rigorous understanding of helical chips than 

hitherto available.  

It has been noted above that a chip 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 in rigid body 

motion. A chip belonging to this particular class will be referred to as a lightly 
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obstructed chip and its segments starting at the TCSL will be referred to as a chip-

born-formed (CBF).  

Consider now some useful notions concerning lightly obstructed chips and 

chips-born-formed. 

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 significant elastic deformation (springy chips). Therefore the 

chips being released recover the form óimprintedô plastically into chip body in the 

CFBZ.  

It is important to distinguish between two situations leading to lightly 

obstructed chips. The first situation arises when the chip is totally unconstrained 

beyond the TCSL. This occurs when there is no step-type 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, distant obstacles like the chip 

collection pan will have little influence). Usually such chips, when produced by a 

cutting tool with a flat tool rake surface, are called ñnaturalò chips [Kluft, 1979]. The 

other situation arises when the obstacle (or chip curler) does cause 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 distribution and, 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 chip, the new form will also be 

helical. Clearly then, lightly obstructed chips can be found among ñguidedò (those 

having only segment CB) as well as ñforcedò (those having, in addition, segment BO 

or segment CO) chips [Kluft, 1979]. The 3-D form of a lightly obstructed 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 chip is born (completely) 

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 chips will be different in 

general in segments CB, BO and beyond O½ although 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 remaining lightly 

obstructed. 

Experience with machining operations shows, however, that a significant 

proportion of practical chips are not lightly obstructed. Such chips arise when the 

loading due to the effect of an obstruction is of such a magnitude that it cannot 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. Eventually the increasing 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 helical form born at CFBZ. 

Therefore such chips are not born (completely) formed.  

The notion of ñborn formedò chips described above deviates slightly from that 

of early proponents of the óchip is born curledô theory. (This theory will be reviewed 

in greater detail in 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 extrapolate the 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 show that 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 

author uses the óborn curledô view and assumes that subsequent thermal phase 

transformations, if any, and thermal-stresses do not significantly affect chip curl. 

However, it is suggested in this thesis that one canôt be sure that chip curl would have 

fully developed at the moment it exits from the primary 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 face (the terms óside curlô and óup curlô will be explained later). One 

may therefore say that the chip birth at the primary deformation zone is latent birth 

whereas the actual birth happens at the TCSL. In comparison to the corresponding 
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well-known term ñchip-born-curledò, the new term ñchip-born-formedò emphasises 

the full development of the chipôs 3-D-curl at the tool chip separation line (i.e. without 

further changes in chip form at segments CB, BO and beyond O). Evidently, a chip 

born-formed is like ña rigid body in general motionò [Spaans 1971, p. 76] if the 

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 chip curler. (This portion needs to be 

considered only when chip form control is achieved through a step-type 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 zone is able to adapt the chip form to cause a 

smaller reaction force at the contact zone between the chip-curler 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 helical 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 step-type chip breakers. For instance, in Figure 1.3 

(which is adapted from [Henriksen 1954]), the chip segment CB is circular, which is a 

degenerate form of a helix. 

Consider next chip segment BO. When the chip is lightly obstructed, this 

segment will have some helical form similar to the form of segment CB. However, 

experience with machining operations shows that a significant proportion of practical 

chips are not lightly obstructed. They are strongly obstructed and may also break 

eventually. Such chips arise because the moment resulting from the reaction force 

located at O arising due to 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 counter-moment. 

Thus the chip segment BO is subjected to deformation (usually bending) that is not 

transferred to the chip segment existing prior to location B (the continued growth in 

this deformation will eventually break the segment). In such a case the geometric form 

of the chip in this segment 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 



16 

 

considerations, we may call segment BO (or CO when there is no step-type chip 

curler) as the óobstacle influenced zoneô. 

There is one interesting question concerning chip segments CB, BO or CO that 

has not 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 (helical) chip 

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 is to identify, through the 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 chipôs encounter with obstacle(s).  

Clearly, the segment of the chip beyond the obstacle (O) may be called the 

chip-in-hand (CIH) since the form of the chip will be the same as that of the chip when 

collected from the pan. If the chip is born-formed, this chip has the same helical form 

as that existing when the chip 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 chip-deformed-after-birth 

(CDAB).  

 

1.5 Importance of the geometry of chips-in-hand  

The following quote from [Hahn 1953] is worth noting: ñIt often happens that 

when a study is made of one quantity, light is sometimes shed on other phenomena 

which may have scientific and commercial significance.ò 

The above observation seems to be particularly apt with regard to the 

significance of the geometry of chips-in-hand. All machining operations produce chips 

that fall into the 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, length, 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 chips-in-hand have many other easily 

measurable parameters (such as helical pitch, 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 thesis is to explore how the 
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helical geometry of chips-in-hand (CIH) could be utilised to obtain useful additional 

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

 

1.6 2-D notions of chip curl 

Chip control involves the design of chip breakers (actually, chip formers or 

curlers) that enable such chip forms as to cause encounters with external obstacles that 

produce chips of desirable length. In general, desirable chip forms are those which do 

not tangle or have a large net area. Desirable chips include both broken (e.g. half- and 

full -turn chips) and unbroken (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 three-dimensional (3-D) in nature. In certain situations 

the 3-D geometry degenerates into lower dimensional forms. The most trivial case of 

degeneration is represented by a straight chip flowing in a direction perpendicular to 

the cutting edge. This is the 1-D case. The next level of generation occurs when the 

chip assumes the form of a circle or/and is not perpendicular to the cutting edge. This 

is the 2-D case. Much of the literature on chip curl has focused on 2-D cases 

associated with machining with plane rake faced tools. Two particular 2-D cases (pure 

up-curl and pure side-curl) have dominated metal cutting literature.  

Pure side-curl occurs when the chip curls essentially in the tool rake plane. 

Hence the chip curls around an axis normal to the tool rake plane. This curl may be 

characterised by the radius of curvature, rs, 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 side-curl include non-uniform friction conditions across the contact 

area, non-uniform 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).  
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Pure up-curl occurs when the chip formation process is essentially contained 

within a plane normal to the tool rake face. In this case, the curl axis is parallel to the 

tool rake plane. This curl curvature is usually characterised by the radius of curvature, 

ru, in a plane normal to the cutting edge and the tool rake face. Single edge orthogonal 

cutting with zero velocity gradient and constant tool-chip contact length across the 

chip is one example where pure up-curl occurs. Usually, ru is positive. In some 

restricted contact cutting situations, ru can be negative.  

 

1.7 3-D chip curl 

There is wealth of knowledge (models and empirical data) concerning pure up-

curl and pure side-curl in metal cutting literature. Clearly, this knowledge is useless in 

itself since few practical cutting operations conform to either 2-D idealisation 

described in section 1.6.  

Most practical chips are 3-D in nature. Helical chips represent one major form 

of 3-D curled chips. There is very little knowledge available concerning 3-D chips in 

metal cutting literature. Hence, it would be highly useful if we could relate the 

geometry of 3-D helical chips to the notions of pure up-curl and pure side-curl on 

which we seem to possess a wealth of knowledge.  

Nakayama and his associates were among the first to attempt the extension of 

the 2-D notions to encompass 3-D helical chips. While they have written many papers 

on the subject, it appears that the model developed in [Nakayama 1992] dominates 

contemporary notions concerning 3-D chip curl. 

A major part of the present thesis originated when the author attempted to 

utilise Nakayamaôs analysis [Nakayama 1978, 1992] for solving some problems 

associated with chip control. However, when the author delved deeper into the 

equations developed in those papers, it was felt that there 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 helical chip forms.  

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 radii of rotation 

whereas, if 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, according to preliminary studies conducted by the present author, the radii 

of curvature associated with 3-D 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 starting point of the rest of the thesis: to develop, in the context of helical 

chips, a rigorous and generalised analysis of 3-D chip curl that (i) is consistent from 

the points of view of both chip curvature and chip rotation and (ii) is capable of 

extending the classical 2-D notions of pure up-curl and pure side-curl to the 

generalised 3-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 reports on 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 both chip 

curvature and chip rotation and (b) is capable of extending the classical 2-D 

notions of pure up-curl and pure side-curl to the generalised 3-D case. 

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

iii.  Identify, through the 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 chipôs encounter with obstacles.  

ii ii.  Explore how the helical geometry of chips-in-hand (CIH) could be utilised to 

obtain useful additional insights into phenomena occurring within the birth 

zone of 3-D chip form.  

 

1.9 Organisation of the rest of the thesis 

 The progress made by the author while 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 thesis is presented 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 side- and up-curl 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 had assumed that the tool-chip-

separation line (TCSL) is straight, it is proved that the TCSL must be a straight 

line. Next, several theoretical criteria are proposed to identify the theoretically 

valid set of definitions of side- and up-curl radii. It turns out that while 

Nakayamaôs definition of side-curl radius is accurate in substance 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 pursuing 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 determinable following an inspection of four easily measurable 

dimensions of the corresponding chip-in-hand. Finally, the new analysis is used 

to revise the maps (diagrams) of the various possible forms of steady born-

formed chips developed earlier by Nakayama et al. The new computer 

simulated map is not only believed to be correct but more easily applied than 

Nakayamaôs maps. 

¶ Chapter 5 reports on the analyses developed while pursuing objective iii. The 

analyses start with the argument that the face of a steady CBF, 3-D in general, 

must be a developable surface. It then follows from well-known 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 

shown that 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 the side-curl curvature 

of the chip face is likely to be 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 of 3-D chips-in-process subjected to elastic 

deformation.  

¶ Chapter 6 reports on some analyses developed 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 phenomena occurring 

within the chip formation zone. In particular, the widely acknowledged óchip is 

born curled at the primary deformation zoneô theory is re-examined 

individually with respect to side curl and up curl. Arguments are presented in 

support of the hypothesis that chip side-curl is fully born at the primary 

deformation zone whereas up curl is only ólatentlyô born there. Expressions are 

then developed for chip-tool contact length, chip flow angle and other 

important geometric parameters related to the chip-tool 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 chips-in-

process were observed 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 subjected to deformation. 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 the experimental 

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 brief review of literature on the major notions of 

interest in pursuing the work reported in later chapters. 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 reveals that 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 through careful 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 cutting speeds with cutting tools with simple geometry. However, the 

classification of chips into those that are continuous and discontinuous represents a 

classification in terms of chip type corresponding to the mechanics of chip formation 

rather than the chip form 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 

Klopstockôs research findings on turning and planing operations [Klopstock 1925]. He 

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 distinguished long chips from short chips. Further, 

long chips were classified into eight sub-forms: ribbon chips, tangled chips, chips that 

get tangled after initially being helical, tangled chips that resemble helical chips, 

helical chips transformed into tangled chips, helical chips with coils running into each 
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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, and short 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 machine tool 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, the highest 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 to 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 popular [Henriksen 1953, 1954] [Shin 1993]. 

Henriksen aimed his classification system mainly towards solving the chip-breaking 

problem. Thus, in [Henriksen 1954], he used the classification to characterise the 

relative effect of two chip breakers yielding different radii 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 the preferred 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 can be utilised: (i) to select a proper chip form and then design a chip 

former/breaker that results in the selected chip form; or (ii) to estimate the 

appropriateness of the chip form(s) produced during cutting with a given cutting set 

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

set up. Research work directed towards the latter led to the notions of ñpreferredò, 

ñusableò, ñdesirableò, ñunfavourableò, ñacceptableò, and ñgoodò chip forms.  

 [Fine 1956] highlighted the link between ñdesirableò chip forms, whether 

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 

different ódesirableô forms for different operations. Thus ñcoil as from workpieceò was 

preferred for interrupted cutting, ñhalf turns to full turns at maximum depth of cutò for 

cutting involving significant variations in depth of cut within each revolution,  ñclock-

spring coilò for deep cuts taken over a uniform work material under favourable cutting 

conditions, ñhelical coils [of] a few turns in lengthò for medium depth cuts, and 

ñribbon guided into bed or a ball of swarf positioned so that scratching does not 

occurò 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 ten chip 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 

ñunfavourableò while forms (iv) to (x) were held to be ñacceptableò. Moreover, within 

the acceptable forms, forms (vi) to (viii) were viewed as ñgoodò. 

 Jawahir, a noteworthy researcher on chip control in the 1990s, proposed to use 

fuzzy logic approach aiming to rate chip breakability and thus obtain a quantitative 

estimate of how ñgoodò a chip form is [Jawahir 1992]. A numerical rating of a 

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

membership function. The assessment was based on ñthe different quality requirement 

levelsò of chip breakability. The quality requirements were intended to represent the 

ñtotal machinabilityò of the workpiece material in the cutting operation. Chip 

breakability, surface roughness and specific cutting pressure were found to be 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 breakability was based 

on an ISO-recommended 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 two-dimensional features of the groups. The groups were (i) ribbon, (ii) 

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 geometry was initiated in the 1960s in 

Netherlands by Pekelharing. In 1963, he distinguished three basic chip forms: straight, 

ñupcurveò, and ñsabre curveò i.e. side curl. 3-D chip forms were interpreted then as 

mixtures of side curling and up curling [Pekelharing 1963/64].  

 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 1971]. Spaansô 

chip form classification is reproduced in Figure 2.1. Note that the classification is 

based on ñtheoretical formsò. Spaans noted that only ribbon-type chips, tubular helical 

chips with high enough leads, and conical helical chips whose axes are tilted upwards 

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 ñforcedò, i.e. such chips had their forms distorted either 

elastically or plastically, or were even broken. These considerations led Spaans to 

invoke the notions of ñlong chipsò and ñbroken chipsò in his chip form classification 

system. Later, this classification system became the basis of the ISO chip 

classification system.  

 The ISO chip classification system was released initially in 1977 and revised 

in 1993. The currently prevalent system is ISO 3685: ñTool-life testing with single-

point turning toolsò [ISO 1993]. The standard includes recommendations concerning 

the characterisation of chips½particularly 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]. It appears 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 description of chips. However, the 

advantages and disadvantages of the chip properties were not identified. The core of 

the system was created  
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mainly through a órevisedô classification of chip forms. Subsequently, this 

classification became known as the classification of chip forms of the Subcommittee 

on ñChip Disposalò of the Sectional Committee on Machinability of JSPE and 

popularised in English through Nakayamaôs paper on chip control published in the 

Bulletin of JSPE in 1984 [Nakayama 1984]. In the 1984 paper, nine 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 provided to identify (i) ñthe mode of chip curlò (no-curl, up-curl, 

side-curl, conical-curl, random-curl, miscellaneous, and unknown), (ii) ñthe radius of 

curvatureò relative to the width of the chip (small radius, slightly increased radius, 

medium radius, etc.), and (iii) ñthe pitch of coilò relative to the width of chip (short, 

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 from the four symbols.  

 In 1972, Nakayama showed how helical chip forms could be reconstructed 

from known magnitudes of chip flow, side-curl radius and up-curl 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 side-curl radii in the general case of 3-D helical chip which is essential for 

the chip form characterisation.  

 

2.2 Up-curl and side-curl radii, and chip flow angle 

2.2.1 Spaansôs geometric analysis [Spaans 1971] 

 Spaans [Spaans 1971] found that ñupcurling radiusò, ñsideward curling radiusò 

and chip flow angle may be taken to be óthe components of chip curlô since it is 

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 much 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 velocity 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.  

 Spaansô approach to the shear surface resembles the ñupper bound approachò 

described 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 valuable part of Spaansôs 1971 work is his 

analysis of the geometry of the 3-D chip ñfaceò (the ñbottomò in [Spaans 1971]). 

 Spaans invoked the plastic layer in the secondary deformation zone (also 

known as ñbuilt-up layerò) in combination with the rigid chip model to explain the 

origin of the general 3-D helical chip form born at the cutting edge. The chip was 

assumed to be rigid after its separation from the tool rake face. Thus, the tool-chip 

separation line (TCSL) was taken (correctly) as the reference line while conducting 

the chip form analysis. Spaans also noted 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 related 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 TCSL. 

 Spaans defined the ósideward curlingô as the reciprocal of the mean radius of 

the developed chip bottom. Thus the side-curl(ing) radius was assumed to be the mean 

radius. 

 The óupcurling of a regular chipô was defined as the reciprocal of the mean 

radius (i.e. of the middle helix on the chip face). Thus the up-curl(ing) radius was 

assumed to be the mean radius. This definition of up-curl(ing) is the weakest amongst 

the definitions proposed by Spaans since it implies that a pure side-curled chip should 

have the same up-curl and side-curl radii.  

 

 

2.2.2 Bhaktavachalam and Venuvinodôs geometric analysis  

[Bhaktavachalam 1973a] 

 These authors aimed to determine the up-curl radius, side-curl radius and chip 

flow angle from the geometry of the conical helical chip that could be specified in 



29 

 

terms of  the ñmean base radiusò, ñsemi-cone angleò and ñhelix angleò (i.e. lead angle 

of the helix). Flat rake tools were considered and the TCSL was taken as the reference 

in the analysis. It was noted that ñin certain special cases of oblique cuttingò it is 

possible that the TCSL is not parallel to the cutting edge.  

 The up-curl curvature was defined as the ñcurvature of the chip bottom surface 

measured at the given point in a plane normal to the chip bottom surfaceò. Likewise, 

side-curl curvature was defined as the curvature of the chip bottom surface measured 

at the given point in the plane of the bottom surface. Thus up-curl and side-curl radii 

were taken to be the reciprocal values of the corresponding curvatures. The curvatures 

were derived as the 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, the up-curl and 

side-curl curvatures should be interpreted as specific properties of the helices on the 

chip face and should be defined and estimated in a different manner½at least because 

the base circle is not equal to the radius of the helix curvature. 

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

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

 

2.2.3 Nakayamaôs analysis [Nakayama 1972a, 1978, 1992] 

 In [Nakayama 1972a], written in Japanese, Nakayama introduced a new 

analysis of chip form geometry. The main ideas of the analysis were explained in 

English in [Nakayama 1978] and were utilised while developing the ñcomprehensive 

chip form classificationò presented in [Nakayama 1992]. Nakayamaôs analysis started 

from a study of the pure up-curl and pure side-curl cases [Nakayama 1972a, 1978]. 

Several kinematic equations were established first and then the angular velocities of 

the 2-D chips were composed to represent 3-D helical chip cases. The radii of rotation 

used in the kinematic equations for the 2-D chips were taken to be the up-curl 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 

straight-line segment. Arguments were presented 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, it was shown 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 its up-curl, side-curl 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 helix along 

the TCSL from the extreme point.  

 Although Nakayama had not presented explicit expressions for his up-curl and 

side-curl radii, it will be shown in Chapter 3 that such expressions can be easily 

derived from Nakayama's own analysis.  

 It needs to be emphasised that Nakayamaôs analysis looks like an attempt to 

compose a 3-D chip helix in terms of 2-D parameters. However, his analysis throws 

little light on how one could decompose the 3-D helix (or the entire chip face). 

 Nakayamaôs ideas constitute the currently reigning paradigm with regard to 

chip form analysis and how one should relate the geometry of 3-D helical chips with 

the 2-D notions of pure up-curl and pure side-curl. Further details of Nakayamaôs 

analyses will be provided in Chapter 3 of the present 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 variation in the rate of deformation (óthe cutting ratioô) and 

hence the instantaneous velocity distribution of the cut material across óthe plane of 

shearô at the chip root.  

Later, Hahn [Hahn 1953] proved that the phenomenon of up-curling implies a 

corresponding gradient of the velocity within the primary zone of plastic deformation 

when he reported that curled chips preserved their curvatures when the chip surface 

layers were dissolved in acid or the chips were heated to incandescence. Therefore, 

subsequent to Hahnôs findings, it became widely accepted that curled chips were óborn 

curledô. Moreover, Hahn presented evidence that up-curling is a thermosensitive 

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 

òplastic bending of the remainder of the chipò.  

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 

with the possible ñnon-collinearity between the lines of action of the resultant cutting 

force acting on the workpiece and of the resulting cutting force acting on the toolò.  

 [Nakayama 1962, 1963a] argued that up-curling takes place because of the 

layer of secondary (plastic) flow of chip material contacting with the tool rake face. 

ñThe layer which is thick at the cutting edge becomes thinner until it is fixed to the 

major part at the point of tool-chip separation lineò [Nakayama 1962].  

 [Spaans 1971] agreed that the layer ñplay[s] [an] important role in the natural 

up-curlingò. Further, [Nakayama 1962, 1963a] and [Spaans 1971] share the viewpoint 

that the (lower) surface of the primary deformation zone is convex.  

 [van Luttervelt 1976] suggested that the term ókinematical dead zoneô instead 

of the ósecondary chip flow layerô, óbuilt-up layerô, etc., is more appropriate while 

explaining up-curling. 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 point of separation of the chip from the 

tool (ñwhere the tool face is tangent to the chipò) around the chip axis. The predicted 

height of this zone above the cutting edge corresponding to the up-curl radius of real 

chips within the range 4 to 15 mm was found to be less then 42 mm.  

 Horne [Horne 1978] supposed that the curvature of continuous chips could be 

explained by a óregular series of discrete shear eventsô producing not parallel but 

wedge-like 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 to shear along the initial position of the shear plane, the cycle starts again. 

 [Ostafiev 1994] attributed up curling to the óquasi-trapezoidalô (with respect to 

the tool rake face) form of the crosswise layer of chip produced in the primary 

deformation zone during an elemental time event. It was suggested that such a form is 

caused by non-uniform 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 up-curl curvature observed in practice, is quite small. 

 [Hongtao 1989] argued that ñthe cutting bending moment impels the chip to 

curl naturally and the friction at the tool-chip interface arrests the tendency of the chip 

to curlò, ñthe cutting bending moment is the main reason for natural curling of the 

chipò. The belief in the significance of the cutting moment was supported by the fact 

that, when metal is cut by tool with a restricted tool-chip contact area, the up-curl 

curvature reduces under decreased contact length and eventually can even become 

negative. However, in the present authorôs opinion, such an argument is questionable 

at least because the decreased contact can change the heating of the primary 

deformation zone from the tool-chip interface. 

 As will be seen later, the present author believes that the cutting bending 

moment is not the ultimate origin of up-curl. Since the moment at the primary 

deformation boundary must equal the moment created by the contact loads at the tool-

chip contact area, the contact loads canôt be the sole origin of natural up-curling of 

chip. The present author hypothesises that the cutting loads do not bend the chip 

upward but, rather, nullify the plastically born up-curl curvature of the chip at the tool-

chip interface (how exactly the nullification is achieved is beyond the scope of the 

authorôs work and needs further research). Otherwise, he generally accepts the ideas of 

[Henriksen 1951], [Hahn 1953] and [Ostafiev 1994] about natural up-curling. In 

particular, he supports the explanation proposed in [Hongtao 1989] concerning the 

role of tool-chip friction. It seems that one needs to reject the role of chip bending 

moment in natural up-curling for a simple reason: there could be no up-curling caused 

by bending of the chip at the primary 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 by the 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) whereas, in reality, the natural up-curl radius increases 

[Hongtao 1989]. 

Finally, it is worth noting that up curling can be óstimulatedô by an increase in 

the compressive hydrostatic pressure (e.g. as noted in [Ostafiev 1976]) toward the 
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cutting edge. The óstimulationô happens when the hydrostatic pressure affects 

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 growth of plasticity is eventually restricted by hardening of the 

material under cut [Black 1979, pp. 405-406]. Thus, in general, the origin of up curl is 

quite complex. 

2.2.5 The nature of side curl 

 Generally speaking, chip side-curling, just as chip up-curling, 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 side-curled. (It will be argued 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 deformation zone). This view is supported by Spaansô 

finding that side-curl can be guided by óa relatively small moment exerted on the shear 

zone parallel to the rake faceô. It seems that that the initial shear zone adapts to the 

presence of the moment and, in the process, adjusts side curl.  

 [Spaans 1971] attributed natural side-curling of chips to (i) the variation 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 

form of the óshear surfaceô in the case of pure side-curled chip. In particular, when the 

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) that makes 

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 an off-set 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 side-curl radius for the case when 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 side-curling: (i) non-rectilinearity of the (workpiece) primary 

motion, and (ii) obliquity of the cutting edge with respect to the primary motion. He 

studied the combined effect of factor (i) and the tool nose radius on the side-curl 

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 represented by the workpiece curvature, the side-curl radius seemed to exhibit 

an inverse linear relationship with the product of the depth and curvature.  

 In 1972, Nakayama [Nakayama 1972b] published a report on the óorigins of 

side curl of chip in metal cuttingô. He pointed out that the gradient of chip speed along 

the cutting edge is essential for chip side-curling to occur. Since the chip speed is the 

product of the cutting speed and cutting ratio, the following factors were presented as 

possible ñactual reason[s] of side-curlò: (i) cutting speed gradient, (ii) chip side-

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 plane-stress state and in plane-strain 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 to be 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 would be 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 side-curl. Regarding the influence of the interference between 

cutting edges, it was suggested that: (i) ñthe interference gives the bending moment on 

the shear plane which will lead up to side-curlò; and (ii) the difference in chip flow 

angles at the two edges will cause ñthe difference in effective rake angle, shear angle 

and chip lengthò thus leading to side curl.  

 An interesting study on chip side-curling by of a group of researchers was 

reported in [Masuda 1987]. Here, side curl was described in terms of the chip side-

spread (ñside flowò). The model, when applied to orthogonal cutting, led to an 

estimate of the chip side-curl radius (and, even, up-curl 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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equivalent cutting edge (the ñcutting edge chordò according to [van Lutterwelt 1976]), 

and (d) angles of major and minor cutting edges. Nakayamaôs equations were used in 

describing helical chips. 

In the present authorôs opinion, the main disadvantage of the work reported in 

[Masuda 1987] arises from the assumption that the chip side-spread 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 half-length is the length of the zone 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 near-surface layer of chip. This contradicts the 

findings of [Hahn 1953] and the present authorôs own observation (see Chapter 6). 

Another minor limitation of the model is the assumption that the chip flow angle 

everywhere along the óequivalentô cutting edge is equal to zero.  

 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 the tool-chip contact length 

creates a moment and the primary deformation zone adapts to the presence of this 

moment in a manner that results in a change in side curling. Kufarevôs report also 

discussed the likelihood of an additional bending moment stimulating side curl in 

oblique cutting. 

 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 of tool-chip contact 

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 pure side-curling. 

Hence side curling can be affected by changes in the angle of the restricted contact as 

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 side-curl radius can be observed in different chips. One of these 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 side-curl radius a complex task.  
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 An attempt to predict the side-curl 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 that it is 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 simultaneous 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 minor cutting 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 the tool-chip separation line [Nakayama 

1992]. The first kind of angle has been studied quite intensively. However, it appears 

that the variation of the chip flow angle (along the cutting edge) associated with the 

generalised case of side-curling and the relationship between side-curling and chip 

flow angle have received very little attention. Thus, as noted in Section 2.2.5, side-

curling is a result of chip velocity gradient along the cutting edge. Hence, it appears 

that ópureô chip flow angle i.e. the chip flow angle obtained after discounting the 

influence of the velocity gradient on chip flow, could be determined at the middle of 

the chip at the cutting edge. However, one canôt still be sure whether this chip flow 

angle will always be the same as that obtained when the side curling is actually absent 

or varies.  

 It is useful to consider in greater detail the first kind of chip flow 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 radius) plays a significant role during 
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cutting. As Nakayama [Nakayama 1972b] explained, the chip parts formed at the 

edges ópush on to each other and flow out as one body in a compromised directionô.  

 Alternatively, when a single edge cuts metal, the chip flow angle 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 edge [Stabler 1951, 1964]. 

This relationship is often referred to as óStablerôs ruleô. 

 One of the most well known studies of chip flow in multi-edge operations is 

that due to Colwell [Colwell 1954]. Colwell studied the influence of the minor cutting 

edge, tool nose radius, and the back rake angle [Colwell 1954]. He discovered that 

chip flows at the cutting edge in a direction approximately normal to the ómajor axis 

of projected area of cutô. Later, this óaxisô came to be known as the óColwell Lineô. 

Early literature on metal cutting assumed that the Colwell Line could be taken as the 

óequivalentô cutting edge, i.e. the single cutting edge cutting operation that is, for most 

analytical purposes, equivalent to the multiple edge operation. 

 It must be noted that the Colwell Line, being derived from the óprojected area 

of cutô (the cut area projected normal to the cutting velocity vector which is assumed 

to be identically directed along the entire active cutting edge), is a line lying on the 

óreferenceô plane, i.e. the plane normal to the cutting velocity 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 Colwell Line has been 

replaced by a line along the tool rake face, which has variously been called the 

ócutting edge chordô [van Lutterwelt 1976], the ógeneralisedô cutting edge [Armarego 

1983, 1993c], or the óequivalent cutting edgeô [Jawahir 1993] [Ghosh 1994] [Wang 

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 ñthe line joining the extreme points of the active cutting 

edge or edges which produce one chipò.  

 The advantages of the concept of generalised or equivalent cutting edge is 

twofold. Firstly, it simplifies the modelling of a complex and specific multi-edge 

operation (such as turning) by enabling one to substitute the operation 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 multi-edge operations used in practice. 

Thus, for instance, Armarego has shown that whenever a tool-work pair exhibits 

compliance with Stablerôs rule in the context of single edge cutting, the rule is also 

applicable to the generalised cutting edge of a multi-edge operation conducted under 

otherwise similar conditions [Armarego 1983]. 

 In the present thesis the author will use the term óequivalent cutting edgeô for 

the straight line segment connecting the extreme points of the upper boundary of the 

primary deformation zone of chip on the 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 

authorôs óequivalent cutting edgeô is essentially similar to the ócutting edge chordô of 

[van Luttervelt 1976], the ógeneralised cutting edgeô of [Armarego 1983], and the 

óequivalent cutting edgeô of [Jawahir 1993] [Wang 1994].  

 Elaborate and extensive experiments have demonstrated that there usually 

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 ñthe most serious problem however is that all models for 

the chip flow direction neglect side curling which is nearly always present when there 

is a tool cornerò [van Luttervelt 1989].  

 As early as in 1969, Luk noted that when the chip curls side-wards and is 

eventually interfered by an obstruction, the experimental results can differ 

significantly from those predicted by the models [Luk 1969]. 

 Consider 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 determined by angles of this kind in addition to side-curl and up-curl radii. 

 [Spaans 1971] appears to have confused the second kind of chip flow angle 

with the first kind. Thus, in effect, he neglected the tool-chip contact length. Early 

works of Nakayama also followed this approach. For instance, in [Nakayama 1984], 
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he stated, that the chip flow angle at the tool-chip separation line (TCSL) can be 

estimated applying Stablerôs rule with reference to the Colwell Line. However, later in 

[Nakayama 1992], he introduced the inclination angle of the TCSL to the major 

cutting edge, Dy, 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 the difference between 

the two kinds of chip flow angles. In particular, it will be shown in Chapter 6 that, in 

addition to Dy, one more parameter needs to be taken into account in estimating the 

difference between the two kinds of angles if the chip is side curled. 

 

2.3 Summary 

 A significant proportion of chip forms observed in metal cutting are 3-D in 

nature. Up curling and side curling are two essential processes that produce 3-D chip 

curl. A significant amount of knowledge is available with regard to pure up-curling 

and pure side-curling. However, there are significant gaps in our knowledge 

concerning how one should analyse the geometry of 3-D chip forms and how one 

could determine the up-curl and side-curl radii in the 3-D case. Further, there are 

significant differences between the natures and origins of up curling and side curling. 

The absence of knowledge about how to decompose 3-D curled chip into up-curled 

and side-curled components restricts extension of knowledge about pure up-curl, pure 

side-curl to the generalised 3-D case.  
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Chapter 3 

Analysis of helical chips-born-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 break because 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, modifies the chip form as the chip 

leaves the cutting zone. Such a chip may be viewed as lightly obstructed. Note that the 

class of lightly obstructed chips includes free, i.e. unobstructed, chips. When the 

external forces are strong, the deformation pattern within 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 viewed as strongly 

obstructed. Clearly, the geometry of the chip during the lightly 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 cases of 3-D helical chips. Thus, according to 

the popular chip 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 generalised 3-D 

helical chip.  

 Other chip types such as spiral, and arc chips respectively can be viewed as 

helical chips (or particular 2-D 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 the moment of exiting from the tool-chip 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 the analysis of steady 3-D helical chips-born-formed at the 

TCSL (i.e. not deformed after the TCSL). The chips-born-formed (CBF) can be 
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viewed as lightly obstructed chips whose elastic deformation after exiting the TCSL is 

negligible.  

 Clearly, chips-born-formed are rigid chips starting from the TCSL. Later, in 

Chapter 5, an analysis of the steady 3-D chips-deformed-after-birth (CDAB) will be 

developed with reference to the basic analysis of the steady 3-D chips-born-formed. 

Besides, a clue will be provided in a 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 the 3-D and 2-D 

manifestations of helical chip forms.  

 It is important to understand how one may relate 3-D chip curl to 2-D notions 

of up curl and side curl for several strong reasons. Firstly, the analysis of the 3-D 

phenomenon is simplified if this phenomenon could be resolved into a set of 2-D 

phenomena. Secondly, by identifying the 2-D component parameters of a given 3-D 

chip, we could utilise the considerable knowledge that metal cutting research 

community has accumulated with respect to purely up-curled and purely side-curled 

chips. It will be shown later in Chapters 5 and 6 that the up-curl and side-curl 

parameters of a 3-D 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 Nakayama et al. [Nakayama 1978, 1992] seems to represent the 

currently reigning paradigm concerning the geometric analysis of 3-D chip forms. 

These authors note that ñbasically the chip has a screw surfaceò. They represent each 

helical trajectory, H, on this screw surface in terms of its radius, 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 of the chip at the moment the 

chip leaves the tool-chip 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 deformation zones prior to 

arriving at the TCSL. Thus the TCSL is the boundary between the worlds of chip 

formation analysis and the analysis of chips-born-formed.  

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

location and orientation of the TCSL in a turning operation. Generally speaking, the  
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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. When Dy  ̧ 0, the 

distance between the TCSL and the cutting edge (i.e. the tool-chip contact length, Lc) 

is not uniform. A review of literature related to chip formation reveals that, although 

there have been many investigations concerning Lc when it is constant, the more 

general case of non-uniform Lc has not 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 deviation, h, of the chip 

velocity from the normal to the TCSL. It follows from Figure 3.2 that h = hc - Dy 

[Nakayama 1978, 1992] where hc 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 

hc, there is no solution available for estimating Dy. Hence, it continues to be 

problematic to estimate h. 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 the velocities of the chip particles along that line) from the viewpoint 

of the world of formation of chip form that manifests before the chip has arrived at the 

TCSL. The second task concerns how one may connect the parameters of the TCSL to 

the chip form that develops after 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 task, as will be seen in the next chapter. 

 An interesting problem arises while attempting to achieve a mapping between 

the 3-D and 2-D manifestations of helical chip forms. This concerns the fact that, 

whereas generalised chip form analyses need to be 3-D, almost all our present 

knowledge concerning chip forms has been represented in terms of two orthogonal 2-

D states of chip: pure (i.e. unmixed with any other form of curling) up-curled chip and 

pure side-curled chip. For instance, recognising their dominance in the literature on 

chip formation, Nakayama et al., [Nakayama1972a, 1978, 1992] have utilised the 

concepts of chip flow direction represented by angle h, the radius of side curl, rs, and 

the radius of up curl, rs, while attempting to express the 3-D chip form parameters r, 

p and q. Note that rs, h and ru are concepts that are essentially related to two 

orthogonal 2-D 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 3-D phenomenon from information concerning its two orthogonal 2-D 

views. Experience shows that one should generally expect ambiguities while trying to 

map from two 2-D views to a 3-D view. For example, in the realm of graphics, a 

triangular prism could be interpreted as a compound of two quadrilateral projections 

or as a compound of one quadrilateral projection and one triangular projection. 

However, no ambiguities usually arise if three orthogonal 2-D projections are given. 

Likewise, no ambiguities usually exist in a mapping from 3-D to 2-D. 

 The principal intent of the present chapter is to identify and resolve the 

ambiguities, if any, that arise while expressing steady-state 3-D helical chips in terms 

of the parameters h, rs and ru of two orthogonal 2-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 

understanding 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 definitions of ru and rs 

depending on the chosen viewpoint concerning up-curl and side-curl components of a 

3-D chip. A 3-D chip form analysis will be developed to identify the relationship 

corresponding to each definition between the parameter set (r, h and q) of the 3-D 

chip form and the parameters ru and rs of the two 2-D views of chip up-curl 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 

alternative relationships will be compared to identify the most logical candidate.  

 Before embarking on the analysis of 3-D helical chip up-curl and side-curl, a 

preliminary but essential analysis of the chip face geometry will be introduced. The 

notions of 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 up-curl and side-curl parameters varying 

across the 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 [Nakayama1978, 

and 1992], where it was assumed that the TCSL is a straight-line segment, we will 

start with the assumption that the TCSL is a plane curve. The right-handed Cartesian 

system XYZ is centred at an arbitrary point, O, on the TCSL. Axis Z is normal to the 

tool rake plane with the positive direction pointed outwards from the tool rake face (as 

in [Nakayama 1978, and 1992]). Axis Y is normal to the projection, AHr, of the chip 

helix axis, AH, on the tool rake plane and is directed towards the right as shown in 

Figure 3.3 (a generalised definition of direction Y will be provided later in Chapter 4). 

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

 

 

 

 

 In Figure 3.3, O0O1 is the TCSL which is initially assumed to be curved. The 

outer surface of the chip is generated due to the helical motion of the TCSL about axis 

AH. Thus, points O0 and O1 are the boundary points on the TCSL that generate helix 

H0 with radius r0 and helix H1 with radius r1 respectively. The convention adopted is 

that r0 > r1. This means that when r0 = r1 (as in the case of a tubular helical chip), the 
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choice of points O0 and O1 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 on the tool rake 

plane [Nakayama 1978]. Let h be the angle between VO and axis Y. A trajectory of 

the chip particle starting at point O is a circular helix, H. Hence VO can be resolved 

into two orthogonal instantaneous velocities VT and VR : VT is the translational 

velocity parallel to the helix axis, AH, and VR is the rotational velocity corresponding 

to the angular velocity of rotation, w, about AH. 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 

H0 and H1) on the chip face. 

 The following equations can now be progressively derived from the above 

scenario: 
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 At this stage, it is useful to introduce another right handed set of Cartesian 

axes, XV, YV, and ZV centred at O such that YV is directed along VO, and ZV is normal 

to the rake plane (ZV Z). The following equation can be used to transform a length  
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variable from system XYZ to system XVYVZV: 
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 Let OH be the point on AH such that line OOH is perpendicular to AH. Clearly, 

the position vector (or the radius vector), r, of the helix generated by point O has a 

magnitude equal to distance OHO and is directed along OHO. Let ur, 
RVu , and uw be 

the unit vectors directed along r, VR and w respectively. Then ur must be directed 

normal to 
RVu  as well uw because VR = w ³ r. Thus,  

                        r = r(ur) = r(
RVu ³ uw) = (VR ³ w)/w

2
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 Let OHr be the projection of O on AHr. Let e and f be the distances OHrO and 

OHOHr respectively. It can now be shown from Figure 3.3 that  
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 If it is assumed that the chip is in steady state helical motion as a rigid body 

after leaving the TCSL, every helix on the chip must have the same VT and w. 

Applying the conditions of constancy of VT, w, and q 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 straight-line segment, and  

(ii) the segment must be parallel to AHr.  

Hence the TCSL has to be a straight-line segment collinear with axis X. 

 Recall that point O0 generates the chip helix with the largest radius whereas 

point O1 generates the helix with the smallest radius. If we locate O0 at the end cutting 

edge side of chip and O is taken to represent O0 (which 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, point O should be taken to represent point O1 

(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 inner helix of the chip. Hence, for two 

chips with geometrically identical screw faces, the estimates of up-curl and side-curl 

radii resulting from the analysis in [Nakayama 1978, 1992] can differ significantly 

depending on whether the axis system happened to be centred 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 

steady-state 3-D helical chip and 2-D concepts of pure side-curl and pure up-curl. 

Note that the analysis of the chip face geometry has led us to the conclusion that the 

tool-chip separation line must be a straight-line segment when the tool rake face is flat 

and the chip is in steady helical motion as a rigid body after leaving the tool-chip 

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 up-curl and side-curl radii according to [Nakayama 

1978, and 1992]. Figure 3.1b is an adaptation of the illustration used by Nakayama 

and Arai [Nakayama 1992] in defining the radii of up curl (ru) and side curl (rs) while 

machining with a tool with a plane rake face. In this illustration, axis X is along the 

TCSL, axis Y is perpendicular 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], 

ñwhen the two circular arcs in [Figure 3.1b] are compounded, the helix in [Figure 

3.1a] is producedò. The radius of the arc in plane YZ is then taken as the radius of up 

curl, ru, whereas the radius of the arc in plane XY is taken as the radius of side curl, 

rs. 

 The following characteristics of the pure forms of up curl and side curl have 

been recognised in [Nakayama 1978, 1992]: 

Pure up-curl:  

¶ The TCSL is parallel to the cutting edge, i.e. Dy = 0. Hence the plane normal to 

the TCSL is identical to that normal to the cutting edge. 

¶ The tool-chip contact length, Lc, chip velocity, VO, and ru are uniform along the 

TCSL The chip axis is parallel to the rake plane, i.e. q = 0.  
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¶ Likewise, h = 0 and hc = 0.  

¶ The chip geometry is completely determined by considering just the plane normal 

to the cutting edge. 

Pure side-curl:  

¶ VO is linearly varying along the TCSL so that Dy  ̧0 and rs is not constant along 

the TCSL.  

¶ The chip axis is normal to the rake plane, i.e. |q| = 90̄ .  

¶ The chip geometry is completely determined by considering just the tool rake 

plane (i.e. the plane XY).  

 Nakayama et al. [Nakayama 1978, and 1992] considered 3-D chip formation 

and assumed that plane YZ is the plane of up curl 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 that the angular velocity, w, of the 3-D chip has only 

two non-zero components, wx and wz, 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. Thus, the 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 for wz and wx in the form of Equations N1 and N2 listed 

in Table 3.1. These expressions were then utilised in relating to 3-D helical chip 

geometry to arrive at Equations N3 and N4 for q and r respectively. Note that, 

although Nakayama et al. [Nakayama 1978, 1992] had not explicitly stated them, a 

combination and rearrangement of Equations N3 and N4 leads to Equations N5 and 

N6 for ru and rs respectively (see Table 3.1). 

 However, a deeper examination of the analysis of Nakayama et al. points to 

several inconsistencies. For instance, the analysis assumes that the angular velocity of 

pure up-curl lies in plane XZ. In contrast, in the case of a 3-D chip, this angular 

velocity, wx, can lie in a plane which has a non-zero offset from plane XZ. Therefore a 

potential inconsistency exists with regard to equation N2. Moreover, in Nakayamaôs 

reports, there exist several controversial statements such as ñé[s]ince the chip on the 

line of tool-chip separation has no velocity component in the z-direction, there is no  

Table 3.1  Equations developed or implied by Nakayama et al  

[Nakayama 1978, 1992] 
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Eq. No. Note Equation 

N1 [Nakayama 1978] 
sOz /V = rw  

N2 [Nakayama 1978] 
uOx )/cos(V = rhw  

N3 [Nakayama 1978, 1992] )cos/( = / = tan suxz hrrwwq  

N4 [Nakayama 1978, 1992] 
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rotational motion on the y-axisò [Nakyama 1978] (see Figure 3.2). But, according to 

Nakayamaôs own equations, the angular velocity w does not pass through point O and 

is inclined to the tool rake plane. If w is then transported to O, according to mechanics 

principle, the very óvelocity component in the z-directionô should inevitably appear. 

Alternatively, if the phrase órotational motion on the y-axisô means rotation around an 

axis parallel to axis Y, the rotational motion could however exist 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 Z-component of the corresponding velocity at all if the axis of 

rotation lies in plane YOZ and has an off-set with respect to the tool rake plane, etc.  

Hence there is a need to define ru and rs in such a manner as to avoid 

inconsistencies when analysing 3-D chips. The next section will examine several such  

definitions.  

 

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

During early investigations by the author, it soon became clear that plausible 

definitions of ru and rs can be arrived at from several viewpoints. Firstly, one could 

adopt the viewpoint of rotation or 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 AHr if the chip is helical) or the chip velocity VO (since, in the case of pure 

up-curl the plane normal to the TCSL is identical to the plane parallel to VO and 




