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The Estimation of the Dependence of Tool Life on Rake Angle Using

Computed Flank Temperatures

P.K. VENUVINOD*, W.S, LAU*, C. RUBENSTEIN*

Assuming that contact over a tool flank is discrete, a mean
representative flank contact temperature, 8¢5, can be derived in terms

of which, tool wear
life is related to

can be explained. In particular tool
s by an inverse power function. If, fram a few

cutting tests, the constants in the power law can be determined then
tool life can be predicted for other conditions provided data are
available from which to calculate 6f;. To date the model has been

tested at one value of rake angle.

In the present work the analysis

is extended to cover a range of rake angles and deductions are shown
to be consistent with empirical observation.

1. Introduction

To extend the applicability of
Taylor's tool life eguation, VI® = C, we
require tne influence of cutting tool
geametry on C and n. Previously, this
coula only be done empirically. However,
an analysis of tool flank wear has been
proposed [1] assuming that tool . wear
occurs py the adhesion mechanism and that
contact at the tool flank is discrete.
These ideas were used in [2] to derive
the dependence of the Taylor Constant C
on tool clearance angle, B, and in [3]
the effect of rake angle, was incorpo-
rated - the results of these semi-
empirical analyses were shown to be
consistent with observation.

However, the effect of tool geometry
and cutting parameters reflects the fund-
amental relationship between tool 1life
and the flank contact temperature, S¢.
In (4] a method for estimating 8¢ is pro-
posed so that, for the first time, the
models for tool wear analysis and for
temperature estimation were both based on
the same assumption of discrete contact.

In [4], the analysis of Chao and
Trigger [5] was modified to incorporate
this assumption and the thermal constric—
tion resistances at the contacting spots
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were introduced in accordance with Holm's
anaiysis of sliding contact temperatures
[6]. On this basis, a mean represent-
ative flank contact temperature 8gg, was
calculated and it was shown that by using
Bfg to represent O, theoretical deduct-
_lons were consistent witn experimental
 trends. More important, anomalous
deductions fram previous tool temperature
analyses [5], are now seen to stem from
the erroneous assumption of continuous
fiank contact.

Here we intend to aetermine the
influence of rake angle on Taylor's tool
lire equation in free orthogonal cutting
by introducing 8fg as the representative
riank contact temperature.

2. Theoretical Cmsiaeration._s

2.1 Influence of Rake angle on the
Nature of Contact and Thermal
Constriction Resistances at the
Tool/Work Contact Area at the Flank

The tool/workpiece contact consists
of tool/chip contact (= Cp)r contact at
tne cutting eoge, at the wear land (= %4)
ana same due to elastic recovery of the
workpiece after extrusion below the tool.

Tne apparent area of contact at the
fiank is w!; wnere W is the engaged
lengtn of cutting edge. Let Pp and T
ve the apparent normal and tangential
stresses acting over the flank wear land.
Data for mild steel cut by H.S.S. tools
[7], snow that B; ana Ty are independent
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OrL rake angle. Further, there  is
eviaence [7] that plastic deformation
occurs  only at the tool/workpiece
asperity contacts. These contact spots
may be assumed to be uniformly distri-
puted circular contact spots of equal
size (Fig. 1) with the spot radius given
oy

= [py/(TRE,) ] % (1)

where N 1s the spot density (numoer of
spots per unit apparent area of contact)
and Hy, 1s the mean hardness of the
workpiece asperity material [1,4].

} Tool (Flank) 4
) o D __ &
(Heat Flux) Workpiece

O

Fig. 1 Idealisation of Flank contact
[4].

when the work material strain—
naruens, H, will depend on the deformation
history of the surface layers of the
machineda workpiece.

For mila steel cut by H.S.S. tools [4,8],
Hy, can be expressed as

Hy = 1.33Hy + cqtgsec a+ 4034 (2)

The term tpseca reflects the
influence of rake angle. For a given
uncut chip thickness, t1, the chip
tnickness, tp, decreases as the rake
angle increases, hence H, decreases as
rake angle increases.

Consider now the rate of frictional
neat generation per unit apparent area,
Since Tf is independent of

an§le [7]1, gf is also independent of
rdke angle. This heat flux generated at
the flank contact spots must flow into
wnat are, errectively, semi-infinite
conducting media (the workpiece and

‘re=n'( TIdT}Ekt)-l

tool materials) ana, hence tnermal
constriction resistances are enco~
untered wnich can be expressed [4]
as tne tool side and workpiece side
unit thermal constriction resist-
ances, ry amd r, - a unit themmal
constriction resistance being
derined as the mean temperature
difference across one side of a
contact due to unit vrate of heat
flux per unit apparent area passmg
through it. Expressions derived in
[4] for ri and ry are

and = n'( malk,) "t
where n' and [ are parameters independent

‘of rake angle (see[4]) and k¢ and ky are

the thermal conductivities of the tool
and workpiece materials respectively.

Combining (1), (2) and (3) we find
that as the rake angle increases, H,
decreases, the spot diameter, a,
increases (for a fixed N) and hence r;
and r,, decrease.

2.2 Influence of Rake Angle on the Mean

Flank Contact Temperature efs

The model developed in [4] for
estimating ©gg, wnile being superficially
similar to tnat in [5], is different in
tnat it allows for

(1) the different heat flux distribut-
ions in the sticking and sliding
parts of the tool/chip contact
area;

(i1) the effect of rake angle on the
heat conduction path between the
rake and flank surfaces; and

(iii) the flank contact being discrete.

These features are retained and
adopted here.

The analysis developed in [4]
suggests that when the rake angle is
increased, Of
(a) may decrease due to the reduction in

the constriction resistances, Ty and

| 2PH

(b) m‘;y decrease due to a reduction in
tne heat flux received from the rake
face (for a given wedge angle)
since, generally, tz/t1, ¢, and
cutting forces all decrease as the
rake angle increases i.e. both the
sizes and strengths of the heat
sources at the shear and rake
surfaces decrease and, hence, the

)



mean snear plane temperature &g and
the mean _ tool/chip interface
temperature 6, decrease; and

(c) may increase, for a given rake
temperature ©,, because the heat
conduction path between tne rake and
flank surfaces is snorter.

Tnus, (a) and (b) cause By to
decrease as rake angle increases whereas
(c) has the reverse effect so that one
can anticipate that ®fs decreases
initially, reaches a minimum and then
increases as rake angle increases. In
rfact, empirical evidence is consistent
with flank contact zone temperature
aecreasing monotonically as rake angle
increases in the range -15 ¢ a < 30°.

2.3 Prediction of Tool Life at Different
Rake Angles Fram Computea Bgg

Assuming that flank wear 1in machin-
ing occurs exclusively by the adhesion
mechanism, it was shown in [4] that tool
life, T, in free orthogonal cutting could
be related to the rake and clearance
angles ana _to the mean flank spot
temperature Bp; as

(cot B- tana) T (Fze) =Ky  (4)
where q' and K4 are suitable constants.

Examining the origins of equation
(4) we fina, (since P 1s independent of
a), that K4 must be Independent of rake
angle. Further, it was shown empirically
in [4] that g' remains constant over a
wide range of cutting speeds, V, and
uncut chip thicknesses, tj. More
recently [9], gq' was found to be
ingependent of tool obliquity, A, in the
range 0 <A €509, It appears reasocnable
to assume that q' in equation (4) is,
likewise, insensitive to changes in o .
Consequently, tool 1life, T, for diffe-
rent rake angles can be predicted by
substituting computed values of Bgg in
equation (4) provided g' and K, are
determined rrom cutting tests made at one
rake angle.

Consiger now the influence of rake
angle on n and C in Taylor's eguation

R =g (5)
Following [4], we can relate 8; and

T to cutting speed, V, tor a constant =P
as

Bfg = const VE : (6)
Cambining (4), (5) and (6) we cbtﬁm
n= (g e)'l

B C_![' -
and C =[(cotB-tana)(Bsg) ? ] (7)

[Essentially similar equations were
used in the semi-empirical analysis [3]
or the influence of rake angle on tool
life, where, instead of Oz, ©f (equation
13) was assumed to represent flank
temperatures and the measured tool/work
thermocouple temperature, €y, was taken
as an estimate of rake temperature, ©.
Expressing €y, as a power law

6n = const. v°W (8)

and following an analysis similar to that
used in developing equations (4) to (7)
it was shown that -

(cot B~ tana) T (6,)°™ = const (9)
where g = (ngy) T (10)]
3. Experimental Details

Dry orthogonal cutting tests were
performed using unworn tools to cut the
same mild steel tubular workpiece stock
(wall thickness 2 mm) as was used in the
experiments reported in [3] and [4]. The
tests covered a cutting speed range of 24
to 41.5 m/min, a rake angle range of -15
to +309, an uncut chip thnickness range of
0.05 to 0.3 mm while B (= 5°) was
constant. The cutting force components,
For Fy, chip thickness, tp, and tool-chip
contact length, Cp, were measured using
the techniques described in [4].

' 4. Results and Discussion

In the range 24 £ V £41.5 n/min the
cutting force components, F. and Fy, the
chip thickness ratio t/ty and the
tool/chip contact length Cp, were almost
independent of cutting speed. For a
given uncut chip thickness (tq=0.1 mm),
ty/t] decreased as the rake angle
increased.

The cutting force components Fo,
Fy, varied linearly with uncut chip thick-
ness ty, so that each could be separated
into an edge force element, F', and a
'redqucea’ element, £, attributable to
chip formation [7]. The  reduced
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Fig. 2. Variation of Fs with
Wci(cotd + 1)

camponents fo and fy decrease as the rake
angle increases and in Fig. 2, f; is
presented against Wtj(cot ¢ + 1) where
% is the shear an%l We see that
provided a 10* then in accordance
with \:heoretlcal expectation [7] these
are linearly related (the deviations
observed witha < 10° are attributable to
the considerable side spread which
occurred at these rake angles).

s Tne measured cutting data are suffi-

cient to compute Bpg provided we know pp,
T¢ ana ¢q and ¢ in equation (2). Since,
the current cutting tests used the same
‘workpiece stock and the same speed and
rfeed ranges as in (4], we may assume
Py, = 123 MPa, Tg¢ = 160 MPa, cq = 79 kgf/
mn? per mm and ¢y = 29.6 kgf/Amm® per mm;
the wvalues quoted in [4]. Using these
values, the measured data and the pro-
cequres developed in [4], values of ©p
and Bfg were cotained for different rake
angles and cutting speeds. The results

of these a‘.mpxtatlors (for t1 = 0.1 Irm,_

i = 0.18 mm, W —211111,‘N-465x10
per m¢) are shown in Figures 3 to 5.

It will be appreciated that 8gg is
the outcome of the idealised model which
we have chosen and hence it cannot be
measured physically i.e. we have no way
of verifying ©Ogg directly. However, we
intend to demonstrate, indirectly, that
we may use B¢ as a valid representation
of the flank contact zone temperature
wnen tool rake angle 1s cnanged.
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Consider the approach adopted in [3]
where, empirically it was found that the
mean tool/work thermocouple temperature,
6y, decreases as rake angle increases in
the rangle -10 € o $30°. Assuming that,
over a limited range of rake angle,

O =6 (1 -ma) (11)

where @, is tnevalueofetatﬁ‘annd
m; is a constant for a given tool/work
combination.

It was then assumed that the flank
temperature, g, ocould be expressed as

O = Ay (L +mpa) (12)

where my; reflects the reduction in the
conduction path trom rake to flank face
as rake angle increases,

Combining (11) and (12)
O¢= BBy o(1 - m*x) (since mymy=0) (13)
where m* = m) - mp (14)

From a semi-empirical analysis of
tool life and Gy data it was concluded in
[3] that, for dry cutting in the low
cutting speed range, 24 € V € 41.5 m/min;
e’ﬂ = 037, gq@ = 15.5, n = 0.2% and
m* = 0.003, and that these magnitudes are
independent of rake angle.

Fig. 3 depicts the variation of
computed 8. with cutting speed, V, and
rake angle, o , plotted on logarithmic
scales. The slopes of these lines, (= €m
i):weas&m;eer=em} are seen to be
irdependent of o and equal to 0.41 which
is in fair agreement with €Em = 0.37
quoted in [3]. (The difference is not
unreasonable in view of  the assumption

- O = 8y.)

Flg. 4 shows the variation of Bgg
with cutting speed, V, and rake angle, d,
plotted on logarithmic scales. » Here
again, the slopes of these lines (= £;
see equation 6) are independent of rake
again.

Substituting gq' = 5.5 (guoted in
[3]1) and € = 0.87 (obtained from Fig. 4)
into equation ( 7), we find n = (5.5 x
G.87) = 0.21 whicn agrees with the
empirical value of n quoted in [3].

In Fig. 5 the data of Fig. 4 are
presented as ©fpg versus rake angle and
their relation can be expressed as
Og = Bfgo(l - m*a) - exactly the same as
equation (13) which was introduced in [3],
Further, from Fig. 5 we find 0.0024 <m* <
U.0039 which agrees with the value of
m* = 0.003 quoted in [3], Thus, if we
adopt Bg, as representative of B¢, the
mean rlank contact temperature, we obtain
results in close conformity with
experiment. This confirms our previous
rindings [4].

Consider now the tool life data
quoted in [3] for 56 €V €179 m/min when
n = 0.41 i.e. twice the low cutting speed
value of n. We lack information on work-
plece hardening at high cutting speeds to
pe able to calculate Bgg (and hence to
obtain an estimate of n) at these speeds.
However, we can anticipate that H, will
decrease at high cutting speeds. Conse-
quently, as cutting speeds increase, the
flank spot size will decrease (for a
given N) so that the thermal constriction
resistances ry and 1y, will reduce
(equation 3). Inevitably, the rate of
increase of B¢y with cutting speed, V,
(see Fig. 4) will reduce at higher
cutting speeds resulting in a smaller
value of € which, (equation 6), would
leaa to a higher value of n at higher
cutting speeds provided q' remains
uncnanged and all the evidence obtained
to date [4, 9] suggests that, for a given
tool/workpiece material combination, q'
is indeed constant.

The aavantage of using Bgg instead
of &, (as in ([3]) in tool life analysis
is tnat the former is a fundamental para-
meter relatea airectly to the conditions
at thne flank wear land whereas
reflects the conditions at the rake
surface. This explains why g' = 5.5
(obtained fram Bfg) is much smaller than
9n = 15.5 (obtained from gp),ie. By is
more  sensitive to the parameters
atfecting tool life, T, than is Sy

5. . Conclusions

5.1 Previously [3], in order to explain
tne empirically observed dependence of
tool life on rake angle, it was assumed
that the flank temperature, 6, de-
creased linearly with rake angle, ie.
© = 6,5, (1 - m*a). Here it has been
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snown that the mean representative flank
contact temperature gy varies with rake
angle exactly in accordance with this
e:?ression and, furthermore, the value of
m obtained nere agrees with the
enpirical value.

5.2 It has been shown that index ¢ in
equation 8¢, = const VF is independent of
rake angle which is consistent with the
empirical observation quoted in [3] that
the Taylor index, n, is independent of
rake anyle.

5.3 Thus, the previous conclusion [4]
that ©fs is a valid representation of
flank contact temperature, which was
based on data cbtained with a given rake
angle, is found now to be applicable even
when the rake angle is changed.
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