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Abstract—It is shown that the assumption of continuous contact at the tool-work interface in metal cutting, as
used in earlier analyses, leads to results in conflict with empirical evidence. A new model based on discrete
contact at the tool flank and the associated thermal constriction resistances has been developed. from which a
representative value of the flank temperature can be calculated for different cutting conditions. A relation
between flank temperature and flank wear is then developed using the same discrete flank contact idealisation.
The resulting flank temperature—tool life relationship is found to be of the same form as the Schallbroch-
Schaumann equation. Deductions based on the assumption of discrete contact at the flank land/workpiece
interface are shown to be completely consistent with experimental observation.

NOMENCLATURE

a mean contact spot radius

Ap Ay apparent and real contact areas at the flank respectively

Cii volume specific heat of work material

&, tool-chip contact length

fak reduced components of F, and F, respectively

F friction force at tool-chip interface

FLE cutting force components in the direction of cutting speed and along the normal to the
machined surface respectively

(F) (Fo)u magnitudes of F, and F, for an unworn tool

't friction force at tool flank
(Mdas (M), (By)s Ho, H  workpicce surface hardness parameters as described in the text

H, hardness of the surface layers of the tool flank land

H, mean surface hardness of work material at flank

i index of source element at rake

i’ index of sub-area at rake

1(i',1) chip-side influence coefficient relating source i and sub-area i’

i index of source-element at flank

7 index of sub-area at flank

7 mechanical equivalent of heat

J('0) tool-side influence coefficient relating source i and sub-area i’

k., k. thermal conductivities of the tool and workpicce materials

K('.j) workpiece-side influence coefficient relating source j and sub-area j° when continuous flank
contact is assumed

€, magnitude of £, at the end of tool life

£ length of flank wear land

(€7)er magnitude of €, at the onset of tool “burn-out”

L(i',j) influence coefficient relating source j and sub-area i’

m number of sub-areas at tool—chip interface

m' number of sub-areas within sticking zone on rake surface

M(j',i) influence coefficient relating source ;" and sub-area i

n reciprocal of index of speed in tool life equation

n' number of sub-areas at tool-work interfacc T

na reciprocal of index of feed in tool life equation

ny reciprocal of index of width of cut in tool life equation

N number of contact spots at tool-work interface

N mean spot density at tool work interface

Ny normal load on flank land arca '

N("./) tool-side influence coefficient relating source j* and sub-area j

P probability of a tool wear particle being formed per asperity encounter

Dici apparent normal pressure at flank land area

q index of cutting temperature in_a Schallbroch—Schaumann equation
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q' index of t_}_r\. in equation relating T and 96

Gei mean heat per unit arca cntering chip at source i

qr mean heat per unit area generated at apparcnt flank land arca
q's mean heat flux per unit area generated at flank contact spots
Gy heat flux per unit arca generated at flank source j

q, mean heat flux per unit area generated at tool-chip interfacc
G heat flux per unit area generated at rake source i

g heat flux per unit arca entering tool at rake source ¢

q.; heat flux per unit area entering tool at flank source j

Fouej heat flux per unit area entering workpiece at flank source |

s unit thermal constriction resistance on tool-side at flank

rp value of r, at sub-area j’

: unit thermal constriction resistance on workpicce-side at flank
Tyt value of r, at sub-area j'

Ry partition coefficient (fraction of heat flux entering tool) at flank
R; mean value of Ry

R, mean partition coefficient (fraction of heat flux entering tool) at rake surface
! time

I8 uncut chip thickness

HV) mean contact ime of contact spots at flank

T tool life

1% cutting speed

V. chip speed

W length of cutting edge in engagement

Y yicld stress of work material

z volume wear at tool flank

% non-dimensional contact time parameter

o, tool rake angle

By tool clearance angle )

v index of W in equation for 0y

H index of {; in equation for 8,

w a parameter rclated to the nature of adhesion wear

€ index of V' in equation for 8

] index of 1, in equation for by

n ratio AB/AB..

L a non-dimensional parameter

£, chip thickness ratio

8, ambient temperature

8. temperaturc at sub-area /' calculated from the chip-side

Ab_; temperature rise at sub-arca ' calculated from the chip-side
t representative fank wear land tempcrature

0, mean flank temperature assuming smooth contact at flank

By mean spot temperature at sub-area '

(I mean spot temperature at flank

B e mean spot temperature at sub-area j' calculated [rom tool side
0, mean temperature at sub-area i’

B mean spot temperature at sub-area j’ calculated from workpiece side
o, tool-work thermocouple temperature

0, mean temperature at tool-chip interface

8, mean shear plane temperature

9, 0, temperatures at sub-areas i* and j’ respectively calculated from tool side
B, 00 temperature at sub-area i’ calculated from workpiece side

AB mean temperature rise of a contact spot at finite contact time
AB mean lemperature rise of a contact spot at infinitc time

e, K, Ky, K>, Ky, ¢". u, v constants

INTRODUCTION..,

Two MODELS have been proposed by which the temperatures at the interface between
two sliding surfaces can be calculated. The first, proposed by Carslaw and Jaeger [1. 2].
assumes that the contacting surfaces are perfectly smooth while the second. proposed by
Holm [3, 4], recognises the fact that manufactured surfaces are never perfectly smooth
and assumes that contact between sliding surfaces occurs at discrete points. Notwith-
standing the fact that models formulated to explain cutting tool flank face wear have
assumed that contact occurs at discrete points [5, 6], cutting tool temperatures have been
calculated assuming that the tool-chip contact and the tool-workpiece contact are
perfectly smooth—strangely, this inconsistency does not appear to have been noted
previously.

-
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If, following [7], temperatures in the flank wear land surface are computed for H.S.S.
tools cutting mild steel assuming smooth tool/work contact, it is found (see below) that
deductions are at variance with experimental observation. In the light of this evidence
the assumption of smooth flank land/workpiece contact becomes questionable and the
aim of the present work is to explore the consequences of assuming discrete contact
between tool and workpiece.

THEORETICAL CONSIDERATIONS

Toollworkpiece contact

The tool and workpiece are in contact over the rake face, round the cutting edge,
along the flank wear land and over a portion of the clearance face i.e. over the region
TT'ODFE (Fig. 1). Much experimental evidence exists [8-13] to support the generally
accepted view that over the portion OT’ the chip sticks to the rake face and the contact is
continuous. In contrast, over the region TT’ the chip is believed to slide over the rake
face and contact occurs at discrete spots. Although it has been assumed |7, 14, 15] that
the heat generation rate is uniform over the whole of the contact region, OT, a more
realistic assumption [16] is that the heat generation rate is uniform over OT' and is
linearly decreasing over TT' and this assumption will be adopted here.

Consider, now, the contact between the tool and the workpiece. Elsewhere [17] it has
been shown that a thin layer of workpiece material is extruded below the cutting edge
and maintains contact with the tool over ODFE (Fig. 1). This model has been shown to
account for the dependence of the cutting force components on the uncut chip thickness
and explains the workpiece hardening resulting from cutting [18]. If the pressure
between the workpiece and the flank wear land is p,,. the normal cutting force
component, F,, varies linearly with the flank wear land area. A,—the slope being p,,
[17]. For mild steel cut by H.S.S. it was found. empirically. that p,, = Y/3 where Y is the
yield stress of the work material i.e. the mean stress acting over the apparent area is in
the elastic range. Similar results were obtained in the experiments by Kobayashi and
Thomsen [19] and in the present work. Real area is thus smaller than apparent area i.e.
contact over the flank face is discrete.

Thus, while it is legitimate to assume the chip/tool contact is continuous. over the flank
face contact is discrete. Notwithstanding the fact that at any instant there will be a
spectrum of asperity contact sizes we will assume, for simplicity, that all contact spots are
circular, equal in size and uniformly distributed (Fig. 2). This simplifying assumption is
commonly introduced when models are formulated to explain the temperatures [3, 4],
the friction [20] and the wear [21] of sliding surfaces and the wear of cutting tools [5]. In

FiG. 1. Schematic diagram of tool/workpicce combination.
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FiGc. 2. The discrete nature of contact at the flank surface.

order to calculate temperatures assuming discrete flank contacts we must first determine
the thermal constriction resistance at the flank contact zone.

Thermal constriction resistance at flank surface

The normal loads on FE (Fig. 1) are usually very small so that this zone can be excluded
from the analysis. The measured flank wear land ¢, includes OD which, however, is
usually very small compared to DF so that the apparent area at the tool flank may be
taken as

Let there be N asperity contacts in this area so that the mean spot density N is given by

N = NIA;. (2)
The real area of contact A, is given by
m Ay
A=t 3)

where p,, is the mean normal stress over Ay and H,, is the mean hardness of the surface
layers of the workpiece.®

“It will be noted that no attempt has been made to allow for junction growth—this is because junction growth
is of importance only for soft metals or for oxide-free harder metals |20, p. 359].
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The radius a of the idealised contact spots is then given by

Ara P
== e
“ (1TN) (TrN H’“.)| ' )

The rate of frictional heat generation per unit apparent flank area is

_FY i
U= Twe; (%)

where F;is the friction force along the flank wear land, V is the cutting speed and J is the
mechanical equivalent of heat.

This heat is in fact generated at the contact spots so that the mean rate of heat
generation per unit true area is

A fraction R, of this heat flux flows into the tool and the rest, i.e. (1 — Ry)q/ . into the
workpiece. However, these heat fluxes, generated in a small and finite arca, are to be
conducted into what are, effectively, semi-infinite conducting media. viz, the tool and the
workpiece, so that the associated thermal constriction resistances must be introduced.

Estimation of thermal constriction resistances

The constriction resistances may be estimated by following the procedure developed
by Holm [3. 4] for sliding contacts. Holm replaced the actual curved heat flow lines by
straight lines radiating from a hemispherical surface of suitable radius, of finite thermal
conductivity and of zero heat capacity and then derived the parameters of this model
from a flat circular contact spot of radius a. Following Jaeger’s approach [1. 2] the flat
contact spots were then considered as a moving heat source with respect to the sliding
surface (workpiece) with velocity equal to the sliding speed (V) and a stationary heat
source of finite duration with respect to the slider (tool). the duration of heating in
non-dimensional form being given by

wk,
“ 7 2Vace,’ )

where k,, and c,, are the thermal conductivity and volume specific heat respectively of the
sliding member (workpiece). The fraction of heat flux entering the sliding surface (1 —
Ry) and the steady state temperature rise, Af.., were then estimated and, thereafter, the
actual temperature rise AQ was defined as a fraction n' of Af.. i.e.

Ab==omt AR e n'aqf'_
=0 q Aex (ku' + krc)'. s (8)

where 1’ and { are non-dimensional numbers that can be estimated from Figs 21.06 and
21.18 of reference [3] for a given z,.

It is convenient at this stage to define unit thermal constriction resistance as the ratio of
temperature rise at a contact spot to heat flux per unit apparent area. Combining
equations (1)—(8), the unit thermal constriction resistances r, and r, on the tool and
workpiece sides respectively may be expressed as

Ad :

Rq;  maNUk,’ (9)
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Fic. 3. Idealisation of heat sources at the tool/chip and tool/work interfaces in free orthogonal
cutting.

and

o Af .
fw = (1 - R)q; maNk,’ (19)

Estimation of temperature distributions assuming continuous contact at rake and
discrete contact at flank

Figure 3 shows the idealisation adopted here to estimate the temperature distributions
at the flank and rake- surfaces for free orthogonal cutting. The rectangular tool—chip
contact area, W x C,,, is sub-divided into m contiguous rectangular band sources of
dimensions W X C,/m while the tool-work contact area. W X £, is sub-divided into n’
contiguous rectangular bands of dimensions W x €/n’. Let g, ; and g;, be the heat fluxes
per unit apparent area liberated at band source i on the rake surface and source j at the
flank surface respectively. Further, let g, ; and g, be the heat fluxes per unit apparent
area entering the chip and the tool at source i df'ld q..; and ¢, ; be those entering the
workpiece and the tool at source j. Clearly .

9ei+ i = qriand q..; + q,; = qy. (11a,b)
Consider now the mean spot temperature 6y, - at band j' at the flank. Let Br» be its

estimate obtained from moving heat source considerations on the workpiece side and

0/ be the estimate obtained from stationary heat source considerations on the tool
side. Then,

er.'\'u',,r" = B_,riu,;" = e_,f.s'.j" (12)
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Next, consider 6y, . which must exceed the workpiece surface temperature, im-
mediately adjacent to the constriction spots, by the amount g, ; r.,; where r,, ;- is the
workpiece side unit thermal constriction resistance at j' calculated from equation (10).
We need not consider the heat flow between contact spots through the workpiece since
Holm [3, 4] has shown that the heating and cooling times of the spots between successive
encounters are of the same order which means that provided the mean inter-spot
distance is large compared to the spot size (i.e. N not too large). the spots have adequate
time between successive encounters to cool down to the ambient workpiece temperature
(assumed to be equal to room temperature 6,,). Thus we can write

B = B when j’ # j and
=0, + qu; .y whenj =j. (13)

Likewise 8y, should be higher than the temperature 6,; in the tool material
immediately adjacent to the constriction spots at band j' by g, r, where r,; can be
obtained using ecquation (9). Here 6,; cannot be taken cqual to 6, because of the
stationary nature of the heat sources with respect to the tool. In this case, there is plenty
of time for the heat sources near ;' to influence the temperature at j* by conduction
through the tool material. Obviously. 6, ; involves the summation of the temperature
rises due to the m band sources at rake (of strength ¢, ;) and (n' — 1) flank sources (of
strengths g, ; for j* # j). Accordingly. we may write

B = B0 + _1.1 G M(J',0) + _\_’ qrj N(/".j) (when " # ))
= j=

]

Hu = 'll qr.i 'MUFJ) a2 _1,1 q,r._;' ‘MU,J}-)
i= =

+ q,; r.j (when j* = j). ) (14)

where M(j’,i) and N(j’,j) are appropriate influence coefficients (an influence, say X(a,b).
being defined as the temperature rise at band a due to unit heat flux per unit apparent
area entering the conducting material at band source b).

Consider next the temperature 6, - at band i’ on the rake face. Two estimates for this
can be obtained, namely, 6., from moving heat source considerations on the chip side
and 0, ;» from stationary heat source considerations on the tool side. Since the chip/tool
contact is continuous there is no constriction resistance but interactions between rake
sources via thermal conduction through the chip material must be considered.

Accordingly we may write

Br'.f" = g.\' 7 : qL‘.r' }(II'I) (15)
i=1
m " . |
0.0 =0, + 2 g, J(,0) + > q.; L)) (16)
i=1 =1
and
8('.{’ = 9:.{' = [}r'.r" (17)

where 1(i',), J(i',i). L(i’,j) are appropriate influence coefficients and 6, is the initial chip
temperature assumed equal to the mean shear planc temperature.

Equations (11)~(17) can be combined and solved simultaneously to yield temperature
distributions 6, and 6, at the rake and flank surfaces for any given set of initial
workpiece temperature 6,,, shear plane temperature 6,. rake and flank frictional heat flux



rJ
h
(28]

P. K. VenuvinoD et al.

distributions g, ; and gy ;, and arrays of influence coefficients 1(i’,i), j(i’,i), L(i',j), M(j',i)
and N(J',j).

In the present work 6, is taken as 25°C and 6 is estimated from measured cutting force
components and chip dimensions using the procedure of Loewen and Shaw [14]. Heat
flux generation at the flank wear land is taken to be uniform so that g, = qr where gy is
given by g = F;VIJW€; where J is the mechanical equivalent of heat. The heat flux
generation g,.; at the tool-chip interface was estimated using the procedure detailed in
[16] assuming constant heat generation rate over the sticking zone (covering m' band
sources) and a linearly decreasing generation rate in the sliding zone with the total heat
liberation rate at the chip-tool interface being FV /J where V. is the chip speed and F is
the friction force at the chip-tool interface.

The influence coefficients / (i’,i), ..., N(j’,j) have been estimated by adopting a
procedure similar to that used by Chao and Trigger [7] in their analysis of temperatures
in zero rake orthogonal corner tools, for which purpose they constructed a source
idealisation similar to that shown in Fig. 3. However, since their analysis was for corner
tools, Chao and Trigger [7] had to create mirror images of the various band sources so
that the width of each combined band source became 2W instead of W and the point of
estimation of temperature was taken to be at a distance W/2 from the edge along the
centre line of the band. However there is no need to construct mirror images for free
orthogonal cutting so that Fig. 3 is a complete description of source idealisation in the
present work. The above modifications to the Chao and Trigger analysis represent minor
refinements and the resulting equations for I(i',i) etc. are omitted since their inclusion
here could only serve to distract attention from the physical argument.

Two further refinements to the analysis given in [7] have been introduced in the
present work. These are:

1. The introduction of a numerical iterative procedure to take into account the
temperature dependence of the thermal properties of the workpicce and chip
materials; and

2. In estimating the magnitudes of the influence coefficients L(i',j) and M(j',i), the
influence of rake angle on the distance between a point on the rake surface and
another on the flank surface has been taken into account (whereas in 7] the rake
angle was taken as zero).

Once the temperature and heat flux distributions are known the mean partition
coefficients of heat flux R, and R; at the rake and flank contact regions, the mean rake
temperature 6, and the mean flank spot temperature 6, can be calculated.

Later in the paper, an attempt will be made to compare the results obtained from the
assumption of discrete flank contact with those derived by assuming continuous flank
contact. When the latter assumption is employed, the procedure used to estimate the
temperature distributions is the same as that described above except that equations (12)
and (13) are replaced by the following equations (after [7])

0, = 8, = 6, and (18)

n'

0, = 6, + _11 quj K" (19)
=

where K(j'j) is the influence coefficient given by the temperature rise at j* due to unit
heat flux entering the moving workpiece at j.

Thus, the mean flank temperature 6; obtained by assuming continuous flank contact is
equal to

(1/n") (;l B.i7)-
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The nature of 6y

In reality the size, shape, distribution and temperatures of the contact spots will be
determined statistically. Notwithstanding the simplifications introduced with the ideal-
ised circular spot model, deductions therefrom have been found to explain wear
phenomena quite well [5, 6, 21] so that although we cannot hope to attribute a definite
physical meaning to 65, we may consider it to be a representative measure of the
temperature fields existing in the vicinity of the tool-work interface. This means,
however, that 8, can only be verified indirectly viz., by selecting a process known to be
sensitive to 6 and comparing theoretical deduction with experimental observation. To
this end, the relation between éf_‘- and the flank wear of cutting tools is now explored.

The relationship between B¢ and tool wear

Schallbroch and Schaumann [22] identified the relationship between cutting tempera-
ture and tool life 7' in their equation

T 0,7 = constant (20)

where ¢ is a constant for a given tool-workpiece combination.

However, when tool life is determined by a flank wear land criterion, T should be a
function of the mean wear land temperature, 6, Assuming that flank wear occurs
exclusively by the adhesion mechanism due to weld formation at asperity junctions, it has
been shown recently [5] that

T 64" = constant (21)

where ¢’ is a constant for a given tool-work combination.
The effect of cutting conditions on tool life T can be expressed as

constant

= W-‘»l:{i-’u; 5 (22)
Following [6] let it be assumed that 6 can be expressed in the form
B = K Vei," WY £ (23)

where K is a constant.

With a view to establishing the significance of 8y, the relationship between the indices
appearing in equation (22) and those in equation (23) will now be determined following
the procedure adopted in [5].

In accordance with proposals originally advanced by Holm [3] and later modified by
Burwell and Strang [23], there is a probability, p,,. that the rupture of a tool/workpiece
junction will produce a workpiece wear particle and a probability, p, that a tool wear
particle will be produced. Since we are only interested in tool wear, the magnitude of p,,
is immaterial and following a procedure similar to that givén in [6] it can be shown that
the volume wear rate at the tool flank is

U = K BTN = KB 0V 24)
where K, and g” are constants; Nyis the normal load on the tool flank-land area and w is a
constant varying from (.75 to 1 depending on whether the wear is “layer” type or “lump”
type (as distinguished by Archard [21]). The constant K, is proportional to the
probability p which will depend, inter alia, on the strength (hardness, H,) of the surface
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layers of the tool flank wear land. In fact p will be an inverse function of H, which we can
represent as p o (H,)“. However, H, will, itself, be an inverse function of the interface
temperature 6, so that if H, = (8;,) " we can write p o (85)"" which means that we can express
K, as

Ky = K(6,)° (25)

where, for a given tool/workpiece combination. K. e are constants.
Ithas been shown in [3, 6] that dz/dt is related to the rake angle «, and clearance angle
BH as

z_ Wy iiff_ (26)
dt (cot B, — tan «,,) dr

Combining equations (24), (25) and (26)

%{ff - KZK{;J (C0t E’n — fan (x”)pmwviq' '{ITWJ H}‘yq'*w B ffﬁq'-‘—w_] (27)

where ¢’ = ¢" + e.

Usually, the gradual wear region, which is described by equation (27), is concave
towards the wear land axis. This means that in this region 3q"+w—1=<0. Itis customary,
however, to represent this as a linear variation, so that

8 ' +w—-1=0

N

and, since w = 0.75 to 1. this gives 0 < ¢'3 < 0.2 (28)

Assuming that tool life T is obtained when the wear land {,reaches a prescribed value
f,, we can integrate equation (27) in the range £, =0to €, and t = 0 to T. in order to find
T. The resulting equation can be rearranged as

T(04)? = constant. (29)
Combining cquations (23) and (29) and equating to equation (22)
ne = nym = 1/q’'. (30)

Expression (28) and cquations (29) and (30) will be used to verify the computed 6.

EXPERIMENTAL DETAILS

Cutting tests were performed on a Colchester Triumph 2000 lathe using MTM 41
H.S.S. (RC65) cutting tool bits with 10° rake angle, 5° clearance angle and an obliquity of
(°. Tubular mild steel workpiece (OD 50.8 mm, wall thickness 2 mm, BHN 120) were cut
at different speeds (25-55 m/min) and feeds (0.05-0.2 mm/rev). The speed range selected
was high to avoid built up edge and to enable quick tool wear results. Cutting tests were
interrupted at regular intervals and the flank wear land €; was measured using a
tool-maker’s microscope. Tool wear curves (¢-time) were plotted so that a flank wear
land criterion (€,), which could result in the highest possible tool lives without any of the
tools used burning out, could be selected: in this way. £, = 0.18 mm was chosen. Cutting
tests were performed both with nominally sharp tools (£, = 0) and tools on which flank
wear lands had been deliberately imposed. These lands were obtained by reversing the
rotation of the workpiece and maintaining light contact between the tool and the
workpicce until a predetermined land was obtained.
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Cutting forces (F, and F,) were measured using a Kistler three-component measuring
platform the outputs from which were led to a UV recorder. Cutting temperatures were
measured using the tool-work thermocouple method. The tools were 150 mm long and
leads to a digital voltmeter were connected to the far ends of the tools which were cooled
by an air jet so as to avoid errors due to parasitic emfs. For each tool, the calibration of
the tool-work thermocouples was effected using the silver bead technique. Shallow axial
slots were made on the workpiece surface so that chip lengths corresponding to one
revolution of the workpiece could be obtained and mean chip thickness ratios were
calculated from the chip lengths. Chip—tool contact lengths were estimated by viewing
the scratch patterns on the rake face through a microscope.

RESULTS AND DISCUSSION

Empirically, it was found that the cutting force components, F,. and F,, each varied
linearly with the wear land €. From the slope of the F, vs ¢; line the value of the
normal stress acting on the wear land, p,,, is found to be ca 123 MPa i.e. about '3 of the
yicld stress of the workpiece material which implies that the contact at the tool/work
interface is not continuous. This agrees with observations made elsewhere |5, 6].

To compute temperatures, cutting data are required. The force intercepts of the F, vs
{and the F, vs £;lines give the cutting force components (F), and (F,), for an unworn
tool. The friction and normal forces at the tool flank. Fyand Ny, are given by Fy = F. —
(F.). and Ny = F, — (F.,),. For the present experiments this gives a coefficient of friction
of 1.25 at the tool flank, which is in agreement with [17]. Neglecting the contribution
resulting from cutting edge curvature, then, approximately. the reduced cutting forces
(forces directly associated with chip formation) are equal to the force intercepts so that f.
=~ (f,), and f, = (F,),. Further, it was found experimentally that {, = 4.8 and C,, =
0.81mm at V = 41 m/min. r = 0.1 mm and ¢, = 0.18 mm. Experiments at other cutting
speeds and flank wear lands showed that there was no systematic variation in (£.),, (F.),,
{, and C,. Observations at different uncut chip thicknesses showed that {, remained
constant whereas (F.),, (F,), and C, increased in proportion to ;.

From the empirical variation of tool life T with cutting speed for £, = 0.18 mm, a value
of n = 0.22 was estimated and from the relation between tool life and uncut chip
thickness a value of n, = (.86 was obtained.

A computer programme was developed to estimate the temperature distributions. The
programme used equations given in [7] which had been modified as described above to
convert given sets of F,, F,, {, C, W, {;and F;into mean hcat fluxes g, and gy at the
tool-chip interface and tool work interface respectively. '

Using the thermal properties of mild steel quoted in [14] and adopting an iteration
procedure so as to allow for the temperature dependence of the workpiece properties,
calculations of the mean chip/tool interface temperature, 6,, and the mean flank
temperature. 8, were made, in the first instance, by assuming continuous contact over
the tool/workpiece contact region. As might have been anticipated. the trends agreed
with those given in [7] but the results were in conflict with experimental observation.

First, if we assume that 6, can be expressed as

g}r = Klf' Ve {ITI {fa

then e is found to be (0.4 while 1 is much smaller than would be expected viz., m = 0.0047, (Figs
4a and 4b).
Hence n/e = 0.012 whereas, equation (30) requires that

n n 022

= 0.26.

€ B A2 - h_%
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Thus, the assumption of continuous flank contact fails to predict the correct n/e ratio.
Second, the dependence of 6, on ¢; yiclds a value 8 = 0.41 (Fig. 4c) and when this is
substituted into expression (28) we find 0 < ¢’ =< 0.6 which implies an extremely weak
relation between tool life and flank temperature when. intuitively, a stronger relation
would be anticipated.
Third, the general level of the computed 6, appears to be too low. It is known that
H.S.S. tools “burn out” due to irreversible metallurgical transformations when they are
subjected to temperatures beyond about 600°C. At V = 41 m/min and f; = 0.1 mm, the
computed flank temperature is 310°C, even when {,is 1.6 mm. However, experiments by
the authors, at these cutting conditions, showed that the tool started “burning out™ when

gfs 'gf {deg C)

B;..0¢ (deg C)

150

100
80

60
50

20

N [No/m')
93 x10°

B 28 x10°
465 x10°
0 i &
ol 93 x 10
O_
D B 5 ope E :OBL
Lok
300+

0._

’Wi{houl
101_‘9 e -~ Constriction
5\3?3’ -
100 o
. 1 L 1 L L L 1
10 20 30 405060 80100
Cutting Speed,V (m/min)
FiG. 4(a).
2000 -
500 M No./m’
: 23 x10%
1000} / -
x 1
800 ‘
L65x% 10
600
500 |- 93 x 10°
LOO
Slopen=02
300 S
200+
________ Slope=00047 _ ____ without
Constriction
100 |-
1 1 L 1 L 1 1
004 006 01 02 03 0405

Feed (mm/rev)

FiG. 4(b).



The Role of Discrete Contact at the Flank Wear Land 257

2000}

1500 + — 2
=< N (No./m’)
3) 6
2 000t e e 9.3 x10
o
— B00f
Ly ek 28 x10°
e 6ear = e SUESRIC

Loot 93 x 10

00 F SJODE § =0045

200 ; \/,/’1\

opeZ~" Without
f",\’?' Constriction
100 ="
L 1 1 1 L L L
007 010 02 03 04 06 10

Wear Land, g {mm)

FiG. 4(c).

Fic. 4.(a) The relationship between cutting speed and the computed values of 8, and 6, for ¢, =

0.1 mm and £, = 0.18 mm. (b) The relationship between feed and the computed values of 8, and

8, for V =41 m/min and £, = 0.18 mm. (c) The relationship between the length of flank wear land
and the computed values of 8, and 8, for V = 25-55 m/min and ¢, = 0.05-0.2 mm.

€ = 1.6 mm. Hardness surveys on the resulting “burnt™ tools indicated (by comparing
them to the known temperature-hardness curves of the tool material) that the tempera-
tures in the vicinity of the flank land area had exceeded 600°C. Further, the “burnt™ tools
showed little thermal degradation in the vicinity of the rake surface indicating the flank
to have been hotter than the rake. For H.S.S. cutting mild steel. the computed values of
6; and 6,. however, suggest exactly the opposite i.e. the rake is always hotter than the
flank.

Last, the maximum flank temperature does not occur within the flank land area, but at
a location beyond it on the free clearance surface. It may be noted that Murarka er al.
[15] report similar results in their finite element analysis assuming continuous contact at
the tool-work interface. It is evident. however, that these results are absurd since
experiments on burnt tools suggest that “burn out™ occurs in the vicinity of the flank land
area and not on the free clearance surface.

It will be shown now that the use of 8 in place of 6, avoids all of these anomalies.
However, in order to compute 8 we need the radius of the idealised contact spot. a,
and, therefore, estimates of the idealised spot density N and of the surface hardness of
the workpiece H,. In fact we have no way of obtaining an accurate estimate of N
(although as we will see, it is possible to get some idea of the order of N). Instead, values
of 6, have been computed using different arbitrarily chosen values for N and, as will be
seen, it turns out that the important parameters are insensitive to the actual value N so
that our lack of an accurate estimate is of little import. Concerning H,,. it is known [18]
that the work surface is considerably work-hardened by the time it approaches the flank
land arca. The depth of the work-hardened layer is usually quite large compared to the
likely size of flank contact spots. Consequently, it is reasonable to take H,,, in equation
(4) as the mean surface hardness of the workpiece at the flank land area. In [18] it was
shown empirically that the hardness of the machined surface is given by

H= Ho o+ (hm)o + (hm): ks (hm)_l’
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where H,, is the initial workpiece hardness, and (4,,),, (h,,), and (h,,,); are the increases in

surface hardness due to extrusion under the cutting edge, while traversing the primary
deformation zone and while traversing the flank land respectively.

For mild steel, it is found that [18] H,, = 122.4 kg/mm?>, (h,,,),, = 40.8 kg/mm?, (h,,), = 79 1>
sec a,, kg/mm? and (hm)r = 23.6 ¢ kg/mm?, where 1, and £, are in mm.

Taking H,, to be equal to the mean surface hardness of the work material under the flank
land area

H, = 1632 + 79 fyseca, + 23.6 . (31)

It will be assumed that equation (31) may be applied in the entire range of cutting speeds and
feeds used. Knowing H,, and N, it is now possible to determine the spot radius, a, for given
values of p,,, and by following the procedures described above, values of 6, can be computed. It
is found that the assumption of discrete flank contact has only a minor influence on the
calculated thermal parameters at the rake face.
Consider now the conditions at the tool-work interface. In Figs 4a, b, ¢ the continuous lines
indicate that the magnitudes of €, v, 3 (for ;) are practically independent of N. It is seen that

n/e = 0.2/0.84 = 0.24. This agrees well with the magnitude of n/n, = 0.26, as required by
equation (30).

Figure 5 gives the 6,~T plot. It is seen that for the entire range of cutting speeds and feeds T
847 = constant. The value of ¢'=5.5, which is insensitive to N, can be verified independently

using equation (30) for, from this equation. g’ = 1/ne = 1/(0.22 x 0.84) = 5.5 which agrees with
the magnitude of ¢’ obtained from Fig. 5.
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FiG. 5. The relationship between tool life and computed values of 0, for V = 2_5—55 m/min. t, =
0.05-0.2 mm and ¢, = .18 mm at different values of spot density N.
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The substitution of g 5 in expression (28) gives 0 < 8 < (.045. It is interesting to
sec that & = 0.045, obtamcd Irom Fig. 4c. is close to the upper limit of this range, which
suggests that wear at the flank face is of the “layer type™ (see Archard [21]).

It is clear from the above discussion that the introduction of the concept of {:lf, avoids
all the anomalies associated with the use of 6. However, the exact magnitude of Oy, 1s still
unknown since N is unknown but this is not a major disadvantage since the magnitudes of
q'. €, m and 3, the determination of which constitutes the major practical aim of any
cutting temperature analysis, are insensitive to N. When N is changed, the 8,-T line in
Fig. 5 merely shifts to another parallel line, so that once the 0,~T curve is plotted
empirically, for an arbitrarily chosen N (within a reasonable range). the problem of
predicting tool life through temperatures is completely solved (see Fig. 5) since, for any
desired set of cutting conditions, we will always calculate 6, using this same arbitrarily
chosen value of N.

Figure 6 shows the relationship between N and @y, for given values of V, ¢,, and trso
that

E’;:\- = 43900 N~U4 U g 02 {.!;a,ms

where V is in m/min and ¢, and {; are in mm.

It is known, empirically, that cutting tools begin to “burn out” when ¢, rcaches a
critical value (£f).,.. Assuming that the critical temperature (84)., is about 600°C for
H.S.S. at the onset of burn out, we can obtain an estimate of N from equation (32).
Substituting the relev ant values of V and ¢; and the empirical (£;)., = 1.6 mm. we obtain
N = 37.5 x 10° per m>. This number, however, can only be taken as a crude indication
due to the uncertainties involved in the assumption of (04)., = 600°C and in the
measurement of (£;),. '

The temperature 6,, measured by the tool-work thermocouple may be estimated. once
the temperature distributions at the interfaces arc known. This has been done at various
cutting speeds (for N = 37.5 X 10° per m?), using a procedure similar to that of Lowack

2000
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Fi6. 6. The relationship between assumed spot density N and computed mean flank spot
temperature 8, for V = 41 m/min. 7, = 0.1 mm and ¢, = 0.18 mm.



260

P. K. VENUvINOD et al.

1000
o Calculated

800 m ---— Meagsured

600
o 500 _._o_::'
£ 00 =%
T L00r e
& /"Ofi

300 /

-
-
Vad
200
100'ICJ 20 30 L0 S0 60 70

Cutting Speed,V {m/min]

FiG. 7. Comparison of measured tool-work thermocouple temperature 8, and computed mean
flank spot temperature 8y, for f; = 0.1 mm and ¢, = 0.18 mm and N = 37.5 x 10° per m”.

[24] but taking into account the real arca of tool-work contact. Figure 7 shows that the
estimated and the measured values agree fairly well and a comparison of their
magnitudes reveals that 0, is largely determined by 9,.

One noteworthy feature of b is that it accounts for the feed-effect (i.e. the magnitude
of m) through the work-hardenability of the work material; a factor which can only be
identificd when the discrete nature of the flank land/workpiece contact is recognised.

CONCLUSIONS

. The assumption of continuous contact at the tool-work interface, as used in Chao

and Trigger’s model [7]. leads to flank temperatures that are in conflict with
empirical evidence on tool wear. The estimated flank temperatures are too low and
a minimal effect of feed is predicted.

- A new parameter, the mean idealised-spot temperature 6 at tool flank land area,

has been developed. This reflects the discrete nature of tool-work contact and the
associated thermal constriction resistance.

. Compatibility between the discrete contact model for flank temperatures and for

flank wear can be achieved by assuming that the size of contact spots is determined
by the hardness of the workpiece and that the probability of a wear particle being
produced, when a tool-work junction is broken, is an increasing function of @y
The new model for flank temperatures avoids all the anomalies resulting from the
continuous flank contact model.

- While the exact magnitude of 6 is a function of the assumed spot density, the

various indices relating cutting conditions to B, are independent of spot density.

The index ¢’ in the equation 79,7 = constant is insensitive to the assumed spot
density. Thus, the problem of relating cutting conditions to tool life through flank
temperatures is completely solved once the equation (T Gf-,“" = constant) is
established using an arbitrarily chosen physically reasonable value of the spot
density N. This value of N is used in all subsequent calculations of 6, whenever it is
desired to estimate flank temperature for any given set of cutting conditions.
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Substituting this value of 6y, into T 6,7 = constant gives us the desired tool life
estimate.

The insensitivity of ¢’ to cutting conditions and to the value of N suggests that it is a
fundamental parameter related only to the thermal and physical properties of the
tool-work pair.

The role of work hardening of work material in determining flank temperatures 1s
more significant than hitherto suspected. An increase in work hardening of the
workpiece during the cutting process results in the flank face temperature becoming
more strongly dependent on the feed.
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