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An analysis of the influence of contrelling tool-chip contact length on the associated tool
life, T, in orthogonal cutting is presented. Following recent work by the authors on machining with
natural contact tools, the tool-work contact at the flank wear land is assumed to be discrete, the
size of the contact spots being a function of the work-hardening history of the workpiece surface
layers which, in turn, depends on the tool-chip contact length. A quantitative description of the
above mechanism is used in order to estimate the thermal constriction resistances associated with the
discrete flank contact. The mean flank spot temperature, Bfg, is then estimated taking into account
these constriction resistances and the thermal interaction between the rake and flank contact areas.
Empirical data on the machining of mild steel with controlled contact H.S5.5. tools is then used to

demonstrate that a unique T-8f; relationship exists irrespective of whether the tool-chip contact

length is natural or controlled. It is thus suggested that it is possible to predict toocl life of
controlled contact tools by computing 8fg from chip geometry and cutting force data alone provided
that a T-8fg relationship is already established for the same tool/work material combination.

NOMENCLATURE

a Mean idealised flank spot radius
B A constant

¢,cq,03,Cy Constants

C Taylor's Constant

Fa Cutting force component in the direction
of cutting speed

Fy Cutting force component perpendicular to

o 23 the machined surface

Fe(Fy Contributions to Fpo and Fy respectively
due to extrusion action at the cutting
edge

(hp)s Workhardening occurring while traversing
the primary deformation zone

(hy) £ Workhardening occurring while traversing
the flank wear land

Hg Original hardness of workpilece

Hy Hardness of machined surface

Hy Mean hardness of work material in contact
with tool at flank wear land

it Indices of sub-areas at rake face

G [ T Indices of sub-areas at flank wear land

ke rky Tnermal conductivities of tool and work

materials respectively
% Natural tool-chip contact length
Lo Controlled tool-chip contact length
kg Flank wear land length
Lo Flank wear land criterion for tool life
(Zc/ti)t Transition value of ratio fz/ty
L A lengtn parameter defined in Fig. 1
m Number of sub-areas at rake face

n,ny Taylor's speed and feed indices

n' Numper of sub-areas at flank face

N Mean apparent contact spot density at
flank wear land

<3} Mean normal stress acting over L plane

Pm Apparent normal pressure at flank wear
land area

q' Index of Bfg in T-8Bfg relationship

qdf Mean apparent heat generation rate per
unit area at flank wear land

qf,3 Hagnitude of gf at flank sub-area J

de, i Mean heat generation rate per unit area

at rake sub-area i _ )
e, ir9t, 1 Mean rang of heat per unit area entering
the chip and the tool respectively from
rake sub-area i
9t §r9% j Mean rates of heat per unit appargnt area
& * entering the tool and the workpiece
respectively from flank sub-area j
Cirty Tool=-side and workpiece side unit thermal
constriction resistances respectively
Snear stress acting over the lower
boundary of primary deformation zone
Rncut chip thickness
Chip thickness
Tool lite
Cutting speed
Engaged length of cutting edge
Rake angle
Clearance angle
Index of V in B¢:-V relationship
Index of ty in Bgg-t relationship
A parameter independent of L.
A constant characterising the nature of
wear at flank
Bfs Mean flank spot temperature
8ts §° Magnitude of Bfg at flank sub-area j'
L Temperature at rake sub-area i'
r Mean tocl-chip contact temperature
Bg Mean shear plane temperature
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T¢ Apparent tangential stress over flank
wear land area

L Parameter independent of %,

A Tool obliguity

[ Merchant's shear plane angle

INTRODUCTION

Wnile there exist several analyses of
chip formation and cutting forces when machining
with controllea contact tools, for example [1-5],
the analysis of the flank wear of such tools has
received little attention. Chao and Trigaer [1],
seeking an understanding of the contact conditions
at the tool-chip interface, did note that a
substantial improvement in tool life, T, can be
achieved by controlling the tool-chip contact
length, & , i.e. by reducing the contact length
below its 'matural' value, L. At the same time,
they observed that when the contact length is
controlled, the tool-chip interface temperature &,
decreases substantially (as much as 55°C) which was
consilderea to be significant in view of Schallbroch
et al's [6] observation that tool life is very
sensitive to tool-chlp interface temperature
(eg tool life varies as the 20th power of §r when
ary cutting with H.5.5. tools).

Consequently the improved tool life
associated with controlled contact tools was
attributed in [1] mainly to a reduction in Bp.
However, we believe this to be an over-
simplification since the rate of flank wear should
really be a tunction of the temperature, B¢,
prevailing in the wicinity of flank wear land
(although we recognise §r has some influence on B¢
pecause of heat conduction through the tool). Thus
we need to understand the relationship between
controlled contact length, Lor and flank
temperature, 8¢, in order to explain the influence
of L, on tool life.

The estimation of flank temperature and its
relation to flank wear in machining has beem
studied only recently [7] where the present authors
examined empirical evidence on machining mild steel
with natural contact H.S.S5. tools and noted that
thejtool-work contact at the flank wear land must
be essentially discrete (and not continuous as
assumed by Chao and Trigger [8]). The flank
contact was ideazlised as a set of uniformly
distributed circular contact spots of equal size
wnich, being identical to the flank contact
idealisation used earlier by Rubenstein [9] in
analysing flank wear, enabled the modelling of
flank temperature and flank wear from a common set
of basic assumptions. The mean temperature, Bfg,
occurring over these idealised flank contact spots
was then estimated taking into account the thermal
constriction resistances associated with the
contact spots as well as the thermal interaction
between the heat sources at the rake and flank
contact areas due to neat conduction through the
cutting tool. Empirical evidence was then
presentedg which demonstrated a clear correlation
between B¢, and tool life, T, based on flank wear
land criterion (whereas flank temperature
estimates, assuming continuous-flank-contact [8]
resulted in several anomalies).

These concepts are applied and suitably
amended here in order to analyse the influence of
controiled contact lengtn on flank contact zone
temperature and tool life.



THEORETICAL CONSIDERATIONS

Influence of % on chlp thickness and cutting
forces

Previously, 1t nas been shown that metal cutting
data ontainea with natural contact tools (4, 2 &)
[10,11] and witn controlled contact tools (i, < &)
[5] can be explained in terms of the following
assuuptlons:

(i) tnat the lower boundary of the primary
derormation zone consists of a part OA, of
length L (= tq(cot$¢ - 1)), extending Erom
tne tool tip in the direction of cutting and
a part AB, extending from the extremity of L
(remote from the tool tip) at an angle of 45°
to OA until it intersects the free surface of
the workplece at B (see Fig. 1)

(ii) a uniformly distributed shear stress, S, acts
alonyg OAB

{111} over a length Z of OA (where Z = Cyty sec a,
Cq peing a constant) a uniformly distributed
tensile stress acts

(1v) over the remainder of the boundary, a
unirformly distributed compressive stress P
(numericaily equal to S) acts

(v) because of the finite curvature of the
cutting edge, force components F's in the
direction of cutting and F';normal to the
cutting direction exist

(vi) along the rake face there exists a region of
tne tool-chip contact zone, of length ¥o, for
ic_ > Xo and_of ;tngtn Loy forXp 2“ic, over
wnicn the cnip adheres to the rake face

(vii) over the remainder of the toocl-chip contact
zone, ot length &, - X5 (when L . > Xg5) the
chip slides over the rake face

(viii)in the adhesion zone, vdde (vi), movement of
cnip material parallel to the rake face
occurs by snear within the chip material.

With these assumptions it has been shown
[5] tnat a transition value (fg/t7)t < L/t exists
ana for Lg/tq1 > (Lc/t1)es, ¢, Fg and Fy are equal to
the respective values obtained with natural
contact tools (L, = &),while for R/t £ (La/t1)¢

cot ¢ = 1 + B Lo/t (1)
Fo = Fy + WS(2ty + L) = Fp + WStq(2 + BL /ty) (2)
Fy = FYy + wpy L = Fy + WpiBtq(Lo/t9) (3)
where

tq is the uncut chip thickness,
B 1is a constant for a given rake angle, and
pP1 18 the mean normal stress acting over L.

It follows from equations (1) to (3) that
wnen Lo is decreased, for L./t € (&4c/t1)g, other
conditions remaining the same, ¢ increases and Fg
and F,, decrease so that both the size and strength
ot the heat source at the shear plane is decreased
and the size of the rake plane heat source is
decreased. Conseqguently, we can anticipate a
decrease in the mean shear plane and rake plane
temperatures, &g and 8., as L. is decreased (we are
ignoring here tne secondary influence of the
changes induced in tne source velocities).

Influence or %; on the Hardness of the Machined
Surrace

The magnitude of Z (see assumption iii
above) has been shown to play a significant role in
determining the hardness, H,, of the machined
surface [12,13] wnere empirically it was found that

Hp = Hg + (hg)g + (ng)g + (hp)g (4)

wnere Hg 15 the original hardness of the workpiece
stock, (hplg is the hardening due to extrusion
below the cutting edge, (hy)fg is the hardening
occurring while traversing the flank wear land
area, and, further

{hplg =cZ =cqitasec a, (hylg= Ha/3, (hylg=caify (5)

where ¢, ¢y and ¢y are constants and t; is the chip
tnickness.
Combining (4) and (5)

Hyp = 1.33 Hy + cqty sec a + cylg (6)

Thus, when %, is decreased, t; decreases due
to the increase in the Merchant shear plane angle,
¢, (see eguation 1) and, from (6), the haraness of
the macunined surface, Hy, decreases.
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Fig. 1 Schematic Diagram of Cutting Process [5,10,11]
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Fig. 2 Idealisation of Contact at Flank land [7]

Infiuence or &g on the Nature of Contact and on

Thermal Constriction Resistances at the Flank Wear
Land

Consider now the conditions at the flank
wear land contact with controlled tools. Let L be
the flank wear land length and W be the engaged
lengtn of the cutting edge so that Wiy is the
apparent contact area cut the flank.

Let py and T¢ be tne apparent normal and
tangential stresses acting over the flank wear land
area. Machining data for mild steel cut by
natural contact H.5.8. tools show that Pp and Tg
are independent of rake angle [14] as well as of
tool onliquity [15]. It appears therefore that Pm
ana Ty are independent of the cutting phenomena in
the chip formation zone and at the rake face whence
it is reascnable to assume that p, and T¢ remain
insensitive to changes in £..

Machining data presented in [11] show that
Py 1S about one third of the yield strength of the
wo;kplecg material so that the overall workpiece
deformation is elastic, plastic deformation being
confined to the tool/workpiece asperity contacts.
Following [7], these contact spots may be assumed
to pe uniformly distributed circular spots of equal
size (Fig. 2) witn the spot radius given by

a = {pn/( 7N By)% (7)

wnere N is tne spot density (number of spots per
unit apparent contact area) and Hy is the mean
hardness of the workpiece asperity material.

) Since (hp)f = c3&¢ in equation (7) for Hp s
it foliows that the hardening of the workpiece
surface layers increases linearly as the tocl wear
land is traversed and hence H, can be taken as

Hy = 1.33 Hy +.c1t2 sec & + fcplg (8)
Consider now the rate of frictional heat
yeneration per unit apparent contact area,

qg(= V7Tg), at the tool flank. Since 1f is
independent of L., gy is also independent of Lae

) This heat flux is actually generated at the
discrete contact spots at the flank and must flow
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T = C/(V ) (13)

we obtailn
g'ne=g'nyn= 1 (14)

wnere C is Taylor's Constant and n and ng are the
Taylor speed and feed indices.

wWe shall examine later the validity of
equation (12), for machining with controlled contact
tools,

EXPERIMENTS

The experimental work consisted of the
orthogonal machining of mild steel (BHN 120) tubes
(OD 50.8 mm and wall thickness 2 mm) with H.S.S.
tools (grade M2, RC 64, rake angle 10° and
clearance angle 59). The experiments were
performed dry and covered the cutting speed range
21 £ V £ 64 m/min and the feed range 0.05 £ £ty %
0.25 mm. The tool-chip contact length, L., was
controlled by appropriately grinding secondary rake
faces on the tools with the secondary rake angles
being sufticiently large to ensure complete absence
of secondary rake contact. The smallest L./ty used
was equal to 2., Chip thickness (tj), natural
contact length (&), cutting forces (F, and Fy) and
tool life (T) were measured using the techniques
described in [7].

RESULTS5 AND DISCUSSION

Experimentally ty/tq, %, F, and F; were
found to be insensitive to changes in cutting speed
in the range 21 € V € 64 m/min. Further t;/t; and¢

were found to be insensitive to changes in tq, in
the range of feed used.

Fig. 4 shows the variation of cotd with
Lc/t1 when V = 41 m/min and ty = 0.1 mm. The
results clearly conform with theoretical
expectation [5] (see eguation 1) and yield B = 0,39
and (Ls/t1)e = 8. Following [5] again, the
sticking length of tool-chip contact, X5 , should be
si1ightly smaller than ( f4.)¢ so that X5 = 7ty (this

value is used in the computation of Bfg later).

Figs. 5 and 6, showiiy tne variation of
cutting rorce components F, and F, with functions
(2cqy + L) and L respectively, indicate that the
measured force components vary in accordance with
theoretical expectation [5] (see eguations 2 and 3)
and yield 5 = 363 MPa anu pqy = 435 MPa.

These data have been used to estimate the
mean flank spot temperature, Bfg, using tne
computational procedure developed in {z] with2
m=7, n' =6 and N taken as 46.5 x 10" per m" .
Following [7], pyp and Tf were taken equal to 123
MPa and 160 MPa respectively whereas, following
[13] , constants ¢y and c3 in equation (9) were
taken equal to7.75 x 10® MPa/m and 2.9 x 10°
MPa,/m.

Fig. 7 shows how the computed temperatures
85, By and Bfg vary with L. when V = 41 m/min and
ty = 0.1 mm. That &3 and B, both decrease as I,
decreases agrees with the findings presented in [1]
for machining AISI 4142 steel with K3H carbides
(except that, in [1], & reversal in the trend was
observed at very low values of %1, i.e. L, <t
where, undoubtedly there must have been some
secondary-rake contact). As mentioned earlier,
these changes in 65 and B, result from a decrease
in the sizes and strengths of the heat sources at
the shear and rake planes.

Fig. 7 snows that 8gg also decreases as_ig
decreases albeit to a lesser extent than does 8..
As noted earlier this decrease in 6¢g is
attributable primarily to the decreasing work
nardening of the machined surface (resulting in a
decrease in the unit thermal constriction
resistances ry and r, at the flank) and secondarily
due to the smaller 8, (which alters the heat
transfer occurring through the tool).

Fig. 7 also shows the improvement in the
measured tool life observed with controlled contact
tools (55% improvement in tool life when Lp= 4/5).
Wnereas, this trend was attributed in [1] to a
decrease in By, we now suggest that, since flank
wear must really be a function of flank
temperature, the improvement in T at small values
or L, is due to the decrease in &g, which, in
turn, is primarily due to the decrease in hardness
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from tnese spots (oL finite size) into what are,
errectively, semi-infinite conducting media (the
tool ana workplece materials) ana, nence thermal
constriction resistances are encountered. These
thermal constriction resistances can be expressed
as the unit thermal constriction resistances ry (on
the tool side) and ry (on the workpiece side) - a
unit thermal constriction resistance being defined
as tne temperature difference across the
constriction per unit heat flux per unit apparent
area entering the conducting medium [7].Expressions
ftor ry ana r,, are

ry = n'/(Ta Bl Tkye) and ry = n'/(7a W ky) (9)

where N' and L are parameters depending only on the
conditions at the flank (details available in [7])
and ky ana Ky, are the thermal conductivities of
tool and workpiece materials respectively.

Combining (7) and (9), it can be seen that,
as L. 1s decreased, t; decreases so that H,
decreases, the idealisea flank spot radius, a,
lncreases ang, nence, ry and r, decrease.

Inriuence of %; on the Mean Flank Spot Temperature

In [7] a method_was developed for estimating
tne mean temperature, Stgr occurring over the
idealised contact spots at the flank wear land area
in free ortnogonal cutting. While this procedure
applied to natural contact tools, it can he
ammended so as to be applicable to controlled
contact tools merely by making the tool-chip
contact length equal to the controlled contact
length, f&.

Fig. 3 shows the geometric idealisation of
tool-chip and tool-work contact areas. The
tool-chip contact area (= Wl,) at the rake face is
subdivided into m rectangular sub-areas whereas the
tool-work contact area (= Wlf] at the tool flank is
subdivided into n' rectangular subareas. The
frictional neat flux, dy jr generated at a given
rake sub-area 1 is assuméd to be partitioned into
dt, 1 and dc,i entering the tool and chip materials
respectively. Likewlse, the frictional heat flux,
df,qr 9enerated at a given rlank sub-area j is
asslUmea to be partitioned into 9, j and gy 5

entering the tool and workpiece materials
respectively. Two expressions for tne temperature
&, ;' at the centre of rake sup-area 1i' can be
obtained - one from the moving heat source effect
as viewed rfrom the chip side and other from the
stationary source effect as viewed from the tool
flank side. Likewise, two expressions for the
representative flank contact temperature, efs'jl,
at the centre of sub-area j' can be obtained - one
taking into account the unit thermal constriction
resistance ry 4' as viewed from the workpiece and
the other taking into account the combined
influence oi the unit thermal constriction
resistances rt’-' and the stationary heat source
effect as Viewea from the tool side. Using these
expressions and applying Blok's Partition Principle
[16], a set of simultaneocus equations is obtained
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Fig. 3 Idealisation of Heat Sources at Rake and Flarnk surfaces

wnicn on solution yield temperature distributions
ar'l' ana efs;-' for a given set of 9r,ir 9f,5 and
mean snear plane temperature 85 (B85 can be
calculated by the well-known procedure of Loewen
and Shaw [16]). These distributions can be
averageq to yield tne mean rake temperature ér and
tne mean representative flank contact temperature
Btge

Wnile the procedure detailed in [7] is
superficially similar to that of Chao and Trigger
[8], 1t difrers from theirs in that it allows for
(a) the different heat flux distributions in the

Sticking and sliding parts of the tool-chip
contact area (see assumptions vi and vii
above);

(b) the effect of rake angle on the heat
conduction path between the rake and flank
surraces; and

(c) the flank face contact being discrete.

These features are retained and adopted here.

1t must be empnasised that Bfg is the

outcome of a conceptual idealisation and is used to
represent the actual asperity contact temperatures
wiilch will vary in magnitude from asperity to
asperity and in time for any given asperity.
Further the prediction of 6fs requires the flank
Spot density N (see eguation 7) to be known a
prlord wnereas we have absoclutely no information
about W at the moment. Notwithstanding these
uncertainities, it nas been demonstrated in [7]
tnat excellent correlation between computed 8¢5 and
tool life, T, exists (we shall discuss this feature
later) as long as Brg is calculated from an
arbitrarily selected value of N which is used
unaltered in all temperature calculations.
Examination of the method for computing Bfg [7]
reveals that the tool-chip contact length L¢c could
affect Bfg via

(1) a change in the unit thermal constriction

resistances ry and ry, at the flank wear land
and

(i1) a change in the heat flux received at the
flank from the rake face as a result of heat
conduction through the tool (due to a change
in €. ).

Since both ry and ry as well as B, decrease
witn decreasing L., it follows that effects (i)
ana (11) reinforce each other and lead to a
decrease in By, as f, is decreased.

Prediction of Tool Life of Controlled Contact Tools

In [7,9], an analysis of flank wear in free
orthogonal cutting was developed assuming that
rlank wear occurred exclusively by the adhesion
mechanism. This analysis was based on the same
discrete flank contact idealisation as has been
used in the computation of §fs [7]. In particular
it was shown in [7] that

T(8¢s)9 = Ky (10)
where
Kg = (20972 KopW " (2 -w)(cotf - tana)]=1 (11)
in wnicn

I is the magnitude of Ly at which tool
life, T, is assumed to be terminated; o and 8
are the tool rake and clearance angles;

> _Ky 1s a constant (for a given N); wis a
constant (egqual to 0.75 for mild steel
machined with H.5.5. tools at medium
speeds).

It has been demonstrated that g' and K4 in
1n eguation (11) are insensitive to cutting speed
and teed [7] and to rake angle [13]. It appears
reasonable to assume tnerefore that g' and K4 would
also be insensitive to cnanges in 1. so that
equation (10) provides a basis for predicting the
the tool life of controlled contact tools provided
g' anda K4 are determined, a puionl , from, say,
data on natural contact tools.

It was further demonstrated in [7] that when
machining with natural contact tools, ©fg can be
expressed as :

Bgg = VELqT (12)
wnere € and T are constants.

Combining (10) and (12) with Taylor's
Extenaea Law




Letmm)
_ -—hnatural

600 ;: 0.6

500 0.2

400 +
2 €=0.86
w300
{[e])

200

1 1 1 L1
10010 20 30 40 5060
V {m/min)

Fig.amdemrxd.enceofeirmﬁ.c

T 30p

E

[5]

0

@ ]

S /

— L]

°

2 201 ./’//

7

(5] L]

<<

10 L .
10 20 30

Predicted Tool Life, Ty (min)
Fig. 9 Correlaticn between Predicted and Measured Tool Lives.

H, ot work material in contact with the flank wear
lana.

Fig. 8 shows the variation of 8fg with
cutting speea (plotted in log-log coqrdxnatesq at
different values of %, so that equation (?2) is
opeyed and, further, the index =(= 0.86) is
inaependent of %.. Likewise, when the Qata :
obtained with varying tq was analysed, index n in
equation (13) was found to be egual toe 0.2 and to
be independent of %;. These magnitudes of € and n
agree exactly with those quoted in [7] for
machining mild steel with natural contact H.S5.S.
tools in tne speed range 21 £ V £ 55 m/min.

THE PREDICTION OF TOOL LIFE

We propose now to attempt to predict the
life of controlled contact tools. To do this we
will assume that as with natural contact H.S5.S5.
tools cutting mild steel, so also with controlled
contact tools, the tool life is related to thg mean
flank contact temperature 8p; by a relation of the
torm of egquation (10). Since, in fact, a method of
computing values of éfs for controlled contact
tools has been developed above, the problem reduces
to the selection of suitable 'constants' K4 and g'.

Examlnation ot equation (11) reveals that Ky
snould be independent of the magnitude of L, so
that we may take the 'natural contact value' i.e.
Kg = 1.106 x 10° as quoted in [7]. (This value for
K4 was obtained when N was selected as 46.5 x 10
per m” which explains why values of 8gg have been

computea using this value of N.)

all the experimental evidence so far
accumulatea when cutting mild steel with natural
contact H.S.8. tools [7,14,15] reveals that g' has
remained invariant (at 5.5) with respect to changes
in cutting parameters, On this basis we propose to
assume that g' is independent, also, of i, i.e. we
assume that for controlled contact H.5.5. tools
cutting mild steel, g' = 5.5.

Thus, we are suggesting that for a = 10°, B
= 50, W= 2 mm the tool life at any given value of
I can be predicted from

L - -
Tor = Kg(Bg)™ = 1.106 x 10° (8g4)"""5

when T,y is expressed in minutes and

) 1s computed from cutting data
appropriate to that particular value of
Lo and 15 expressed in degrees Celsius.

Fig. 9 snows the correlation between the
predictea tool life, Thyr and the measured tool
life, T, wnen V = 41 m/min anu ty = 0.1 mm. 1In
tact tne correlation is excellent and in view of
the scatter to which tool lite measurements are
prone, this degree of correlation can only be
regarded as fortuitous so that, in
contradistinction to the normal formula, we would
say here that notwithstanding tne excellence of the
demonstrated correlation, it can be concluded that
8rg provides an acceptable parameter in terms of
which tne prediction of the tool 1life in controlled
contact cutting may be accomplished.

CONCLUSIONS

1. The concept of a mean representative flank
contact temperature, 8f., developed in [7] for
machining witn natural contact tools can be
extended S0 as to include machining with
controlled contact tools,

2. The demonstrated correlation between predicted
and measured values of tool life provides
evigence in support of the suggestions

(1) that as with natural contact tools, so
also with controlled contact tools, tool
life 1s related to 8¢5 by an equation of
the torm

— -y T

T = Ky (Bgg) 3

(1i) that Ky and g' are independent of the
length of the controlled contact, fLe.

3. The mean representative flank contact
temperature, 8fg, is related to cutting speed
by a power-law, the cutting speed index, e,
being independent of L. and hence, being
numerically equal to the index obtained when
cutting with natural contact tools., As a
corollary to this finding and the suggestion in
conclusion 2 (1ii), it follows from equation
(14) that the Taylor indices n and ny are
independent of %, - unfortunately we lack
experimental data to test this deduction.

4. The tool life increases as the controlled
contact length is reduced primarily as a result
of the decrease in workhardening experienced by
the surface layers of the machined workpiece.
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