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Abstract

This publication presents a model that describes the lifetime of a tool when used for cutting work in
strain-hardened material. The model is known as the Shortcut-Wear-Model (SWM) and can be com-
pared with the established model based on Colding equation. The extent of this work has been limited
to the turning of the nickel-based alloy 718 with fibre reinforced ceramic cutting tools. This model has
been verified with the help of experimental data from laboratory tests and during regular production

of turbine components.
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1. Introduction

To be able to predict the lifetime of a cutting
tool is of great importance within industrial
production. Tool life and the time it takes to
complete a workpiece is decisive for the extent
of tool usage per part. The lifetime of the tool
is governed by the machinability of the mate-
rial, the characteristics of the tool, the selected
cutting data regarding cutting speed v, rate of
feed f, depth of cut a, and the characteristics of
the machining system. In general, increased
cutting data will result in reduced tool life.
However, within certain points of the cutting
data, the opposite relationship can arise. These
special circumstances are applicable for work-
ing materials where marked cases of strain
hardening arise; these include nickel-based
alloys (e.g. Alloy 718) and titanium
(Ti4Al6V) as well as material with steel struc-
tures which are partly or entirely austenitic
(316L, 2205).

It is difficult to describe unambiguously the
influence of cutting data on tool life with the
help of mathematical models. One reason for
this is the variation of process conditions. In
the production environment the cutting data is
often changed during machining, which in turn
complicates the use of mathematical models.
The production time may be expressed in
terms of cutting parameters, and an extension
of the Taylor tool life equation bonds the tool
life to the cutting speed, feed rate and depth of
cut [1]. One of the most important considera-
tions in metal cutting is an economic cutting
tool life. The main factors have to be deter-

mined for operating with optimal cutting con-
ditions. Taylor 1906 was first to study this
subject. Today there are many different distri-
bution functions in existence which are sug-
gested in literature [2].

Variations in a given working material’s anal-
ysis and structure are factors that contribute to
the extent of machinability and in turn the
lifetime of a tool. This relationship demands
that statistical models are used to describe the
variations in tool life. Tool life is a statistical
quantity and the nature of its distribution prob-
ability has been investigated by various re-
searchers. Much of the research into machin-
ing economics has been concerned with find-
ing the optimum basis for a deterministic tool
life concept [3]. Awareness of the connection
between the analysis and structure of the
working material as well as its relationship to
machinability and tool-life can limit the varia-
tion or distribution of tool life and the se-
quence of tool changes.

Traditional methods for predicting tool wear
are the result of pioneering work by Taylor
[4]. This illustrates a convenient relationship
between tool life and cutting speed. The Tay-
lor equation gives an indication of the ex-
pected tool life for various cutting conditions
[5]. Many researchers have studied tool life
which can be estimated to follow different
distributions, like gamma (Ramalingam [6],
Wiklund [7]), normal (Wager and Barach [8],
Ramalingam [6], Rosetto and Zompi [9], Kas-
pi and Shabtay [10]), lognormal (Wager and
Barash [8], Ramalingam [6], Rosetto and
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Zompi [9], Wiklund [7]), Weibull (Ramalin-
gam and Watson [11], Wiklund [7], Liu et al.
[12]) or exponential (Ramalingam and Watson

[11]).

Regarding [5] Taylor’s formula could be used
to exactly determine a tool’s economic life
according to the selected cutting speed.

A number of researchers, among them Colding
[13] and Hagglund [14] have developed Tay-
lor’s equation in order to increase its validity.
Codling’s model for tool life could be adapted
for a complex tool wear process [15] when
machining material such as Maxthal which is
an intermetallic alloy based on TizSiC, with
smaller amounts of the abrasive carbide TiC.
Maxthal has a machinability that is 5 times
lower than for Alloy 718. Experimental data
has been adapted for Colding tool life model.
These models normally demand that the life-
time of the cutting tool diminishes significant-
ly as a result of cutting data (v, f and ap). This
relationship reflects the fact that the same wear
mechanism or the same balance between sev-
eral wear mechanisms prevail throughout the
entire lifetime of the cutting tool.

Regarding Vilenchich [16] and Taylor [17,
18]; these assumed a second model with loga-
rithmic transformation for developing a tool
life equation by response surface methodolo-
gy, as it was observed that the extended Tay-
lorian tool life equation cannot express the
phenomenon completely [19].

Notch wear is the most dominant in round
inserts [20]. Also, regarding [21, 22, 23, 24]
the most known tool wear when cutting Alloy
718 is notch wear formed at the depth of cut
due to high thermal combination, high work
hardness, as well as the high strength of the
work piece and abrasive particles. Flank wear
is often selected as the tool life criterion. The
reason for this is it determines the diametric
accuracy of machining, its stability and relia-
bility. At the same time flank wear is consid-
ered when using an aged Taylor’s tool life
equation [25].

A disadvantage with these models, primarily
from a scientific point of view, is the fact that
they are built upon curve adaption/ formation
resulting from life-length and cutting data
rather than having a more physical basis.

2. List of symbols

ap Cutting depth [mm]

eT Contact length up until T for a=1.0 | [m]

f Feed [mm/rev]
hi Theoretical chip thickness, ap >r [mm]
himax | Maximum chip thickness [mm]
himin | Minimum chip thickness [mm)]

he Equivalent chip thickness [mm]
hmean | Mean chip thickness [mm]

hx Chip thickness parameter x [mm]
Kic | Fracture toughness [N/m 2]
ki Model constants [-]

Ndef Strain hardening [rev]

r Nose radius [mm]

1B Edge radius [mm]

T Length of tool life [min]

TL T in laboratory conditions [min]

Tp T in production conditions [min]

Ve Cutting speed [m/min]
o Taylor exponent [-]

£ Extent of deformation [mm)]

3. Objective and problem description
The effect of strain-hardened material is that
cut surfaces are harder than the rest of the
material that is unaffected. During the follow-
ing revolution the cutting tool comes into con-
tact with the strain-hardened surface. Different
parts of the edge line will cut through the
strain-hardened material depending upon the
thickness of the strain-hardened layer. An
increased chip thickness h; will lead to less of
the cutting edge operating in the strain-
hardened materiel whilst at the same time, the
accumulated deformation is reduced. These
conditions lead to the prospects of extended
tool life at a certain interval with increased
feed f and a,.

In the relevant group of materials with low
thermal conductivity, the strain-hardened layer
em will increase with the cutting speed v,
which means that the cutting speed has a
stronger influence on tool deterioration in this
material group than in others.

A model capable of describing the relationship
between the lifetime of the cutting tool and the
cutting data for strain-hardened material must
also include one or several parameters that
take into consideration the strain-hardening of
the working material. From a cutting-technical
point of view, variations in selected cutting
data will lead to the material having varying
cutting-technical qualities due to varying lev-
els of material deformation.
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When brittle cutting material is used, e.g. ce-
ramic inserts for machining in materials with
high temperature strength, the prediction of
tool deterioration becomes problematic, which
results in a relatively large variation of tool
life. This relationship can be explained by the
fact that materials with high temperature
strength, such as Alloy 718, involve high and
varying load scenarios whilst ceramic tools
have low fracture toughness (Kic) and show a
high sensitivity to notch fatigue.

In this work, an additional model is presented
to describe tool lifetime T during machine
cutting; a model that also includes a descrip-
tion of the strain-hardening of the working
material.

4. Extent and implementation
The extent of this work is limited to the lathing
of Alloy 718. Experimental studies are carried
out under the following:

- P, production conditions
- L, laboratory conditions.

The mean value of the length of tool life T will
form the basis for the analysis carried out here.
The distribution or variation of tool lifetimes
and their causes are taken up in a separate
report [26]. This work limits itself to the use of
ceramic inserts. The tests carried out under
production conditions are intended to give a
realistic picture of the possibilities of quantita-
tive usage of the tool lifetimes presented. Test-
ing under laboratory conditions has been car-
ried out with the purpose of minimizing the
variations in process conditions, caused,
amongst other things, by lack of stability and
variations in machining allowance (ap).

This study has focused upon the influence of
the theoretical chip thickness hy on the lifetime
of the tool according to table 5. For this rea-
son, variations in cutting speed have been lim-
ited.

4.1 Tests under production conditions
Tests have been carried out by turning along
as shown in table 1. The machining of forged
materials for turbine discs was carried out as
shown in figure 1.

A number of measurement series have been
conducted (A-L), 11 of them altogether. The
main differences between each series are the

insert shapes used and the variations in cutting
data, see table 2. In 3 of these series the depth
of cut a, has varied due to differences in ma-
chining allowances after rough turning, some-
thing which is expected to give some variation
in tool lifetime.

Operation §

Operation 3

Operation 1

. Operationd  Operation 2
Operation 6

Figure 1 A work piece used for production purpos-
es with different machining operations.

Table 1 General data for tests under production
conditions.

Machine type: Vertical lathe SCHIESS 16DSC
Workpiece: Forged material ®1200x200 [mm]

. ) RNGN (0p.1,2,5, 6) R
Cutting tool: DNGN (op. 3. 4) )
Cutting speed, vc 250 — 280 [m/min]
Feed rate, f 0.15-0.25 [mm/rev]
Depth of cut, ap 0.25-2.0 [mm]

Table 2 Cutting data and insert shape for meas-
urement series A-L in production conditions with
N; number of individual tests, Var. = variation in
ap.

Insert f ap Ve N

R/D,r | [mm/rev] | [mm] | [m/min]
A | R,6.35 0.20 1.3 250 6
B | R, 635 0.20 Var. 250 6
C | R, 635 0.25 0.25 250 5
D | R,6.35 0.25 0.50 250 6
E | R,6.35 0.25 2.0 250 6
F | R,6.35 0.25 Var. 250 5
G | R, 635 0.15 2.0 280 15
H | R,6.35 0.15 Var. 280 16
J | D12 0.15 0.25 250 7
K| D, 1.2 0.15 0.28 250 4
L| D12 0.15 0.33 250 5

4.2 Tests under laboratory conditions
Tests have been carried out in the form of
longitudinal turning along a bar of material as
shown in tables 3 and 4.

Table 3 Data for tests under laboratory conditions.

Machine type: Turning lathe SMT 500
Workpiece: ®70 x 400 [mm]
Cutting tool: DNGN D
Cutting speed, ve | 200—300 | [m/min]
Feed rate, 0.11 —0.27 | [mm/rev]
Depth of cut, ap 0.22-0.53 [mm]
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Table 4 Cutting data and insert shape for meas-
urement series 1-18 in laboratory conditions.

Insert f ap Ve
D,r | [mm/rev] | [mm] | [m/min]

1 | D,12 0.11 0.53 250
2 | D12 0.13 0.53 250
3 | D, 12 0.15 0.53 250
4 | D12 0.19 0.53 250
5 D, 12 0.22 0.53 250
6 | D,1.2 0.25 0.53 250
7 | D,1.2 0.25 0.53 250
8§ | D, 1.2 0.13 0.31 250
9 | D12 0.17 0.31 250

10 | D, 1.2 0.21 0.31 250
11 | D, 1.2 0.16 0.22 250
12 | D, 1.2 0.22 0.22 250
13 | D,1.2 0.27 0.22 250
14 | D,1.2 0.15 0.53 200
15| D, 1.2 0.22 0.53 200
16 | D, 1.2 0.22 0.53 300
17| D, 1.2 0.15 0.53 300
18 | D, 1.2 0.11 0.53 300

5. Creating a model for tool life
Colding model (see equation 1) has been used
successfully to describe the relationship be-
tween cutting data and tool lifetime T. This
model is based on the assumption that the
same wear mechanisms are dominant through-
out the entire course of the tool’s deterioration.

—(H?-2H In(h,)+In(h,)> —4K-M+4M-In(v,))

T —e 4M (Ny—L-In(h,)) (1)
T=T(h,v,)
N

v, = exp[K - W —(NyL-In(h,))- ln(T):|

The main variables in Colding equation are the
equivalent chip thicknesses h. and the cutting
speed v.. The equivalent chip thickness h, is an
approximate combined variable that was intro-
duced by Woxén [27, 28] with the purpose of
integrating feed rate f, cutting depth a,, nose
radius r and setting angle k as seen in equation
2.

h =é= ap.f
e _ 1_
[ a,—r( coszc)+K.r f

Y 2)

sinx°

he :he(faaparak)

Woxén equivalent chip thickness he is intend-
ed to describe a thermal balance in the cutting
process between the cutting tool’s chip side
and clearance side. The principle is that the
same equivalent chip-thickness value forms
the origin of the same thermal load on the

cutting tool, regardless of the combination of
parameters entered, thus resulting in the same
rate of wear. These assumptions are entirely
correct during machining at lower cutting
speeds ve < 20 m/min, which was applicable
when the relationship was formulated [29].
This entails that Woxén theory bears lower
relevance when it comes to the use of modern
cutting tools. In practical terms the use of he
gives fully acceptable results in straightfor-
ward cases of tool wear. The modern interpre-
tation of h is that this parameter describes a
thermal and mechanical mean load along the
edge line. The result of Colding equation when
h. is used can lead to an overestimation of tool
lifetime during fine machining, i.e. machining
with low feed and cutting depth values.

Colding equation contains 5 constants (K, H,
M, Ny, L), which can be determined with the
help of at least 5 individual tests. Experience
has shown that 2 pairs with the same equiva-
lent chip thickness should be used. Each pair
should be combined with different cutting
speeds. The individual test (an extra point) can
be most suitably chosen within a recommend-
ed span of cutting data. Colding constants can
be calculated with the help of curve adaption
and the minimization of deviation concerning
the obtained measurement points for more
than five individual tests. There is no direct
link between the parameters entered in Cold-
ing equation and the physical performance in
the cutting process.

The cutting tool is subjected to mechanical,
thermal and tribological load; the combination
of which leads to the deterioration of the cut-
ting tool. The lifetime of the tool T is obtained
when the selected wear criteria has been
reached. In cases where the cutting tool suffers
straightforward abrasive wear, the length of
tool life will be determined purely by the
tool’s length of contact er. This relationship is
the equivalent of Taylor’s exponent o = 1.0 as
seen in equation 3. The value of the exponent
a will be reduced when thermal load increases.

r_[er @ 3)
vC
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The effect of strain hardening can be taken
into consideration by reducing the length of
tool life T with a term that correlates with the
working material’s strain hardening during the
cutting process. The cutting process leads to
strain-hardening in the cut surface as shown in
figure 2. Depending on the geometrical rela-
tionship in the cutting process and how it
combines with the extent of strain hardening
and deformation zone em, successive defor-
mation will occur in front of the edge line
during a number of revolutions neer (see figure
3). The extent of deformation €n; can be de-
termined by measuring the microhardness for
example, or by studying the deformation in the
cut surface (see figure 3). The actual extent of
deformation with regard to the deterioration of
the cutting tool is, however, greater than what
can be observed visually with a microscope.

Grain
boundary

N

Deformation
zon il

1)

Figure 2 The Principle for measuring the visible
extent of deformation ey in Alloy 718.

The parameter ngr can be described according
to equation 4, see figure 3.

”def’f:\/(’""'gm)z_’"z _§_>
_ 2\l‘c"1112 +2r-gy - f )

ndef - 2f

Naer = Nyop (for.em)

The relationship as shown in equation 4 has
previously been presented by Byrne [30] with
the purpose of describing the mechanism for
the creation of a surface by means of multi-
stage deformation.

The influence of thermal and mechanical
stress on the lifetime of the cutting tool (as
seen in equation 3) is dealt with in the same
way as the effect of strain hardening. Depend-
ing on the choice of wear criteria, various pa-
rameters of chip thickness hy can be used to
describe the thermal and mechanical load that
affects the cutting tool.

St

fin + /2 SN, ST M.

Figure 3 Deformation in front of the edge line
during longitudinal turning n, revolutions with the
nose radius r and the extent of deformation ey

In table 5 there are examples of chip-thickness
parameters hy which can be used for various
wear-criteria options.

Table 5 The relationship between chip-thickness
parameters hy and lifetime criteria.

Lifetime criteria
Notch wear with maxi-
mum chip thickness, edge

hx Description
himax | Maximum
chip-thickness

chipping and tool break-
age, plastic deformation
he Equivalent chip | Uniform flank wear,
thickness VBmax
hmean | Mean chip Uniform flank wear,
thickness VBmax

himin | Minimal chip Notch wear with minimal
thickness chip thickness

The Parameter himax can be calculated accord-
ing to equation 5, [29]. Different relationships
are applied depending on whether the depth of
cut a, is greater or smaller than the nose radius
r.

.. :r—\/f2 +r7=2f\2a,-r-a,’

a,<r 5)
o = S -8i0(K)

ap>r

By means of the combination of the above
effects a tool lifetime model can be formulated
as seen in equation 6.

ky k.
— kl 1 ) ke
(el

c

T = T(Vcﬁndef?hx)
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Equation 4 can be described in its entirety with
the help of figure 4. The parameter nger in-
cludes 3 variables; feed f, nose radius and the
extent of deformation &m. The assumed value
equal - 5 for em = 0. The term that takes into
consideration the working material’s strain
hardening will assume the value 0 for the ex-
tent of deformation &m= 0.

Temperature-related abrasive wear v, and k,

/ Mechanical and thermal load h,, ks and kg
k7

k | 1 .
- 1 kg
T=|—) —ky|—+n —kg-h,
3 def 5 X
% 2
e
Strain hardening, ny, k; and k,
Non-Temperature-related abrasive wear k,

Figure 4 General model for describing tool life
during machining in strain-hardened work materi-
al.

The choice of chip-thickness parameter hy is
governed in turn by the choice of wear criteria
(see table 5). The model according to equation
6 demands 2 constants per entered variable,
i.e. 6 constants. In figure 5 and figure 6 equa-
tion 6 is exemplified with constants as seen in
table 6.

Table 6 Example of model constants k; during ma-
chining of Alloy 718 with fibre-reinforced ceramic
cutting inserts.

ki k2 ks ki | ks | ke
1900 | 1.15 | 1.20 | 0.50 | 40 | 1.05

The constant k; can be compared with Tay-
lor’s constant er and k, can be compared with
the registered value of Taylor’s exponent o as
seen in equation 3.

O

T Alloy 718, v . = 250 m/min
[min] b
6 0.05
5 0.075
4 0.1
 —
,,,,,,,, 0.15
0 1 2 3 4 5 6
Ngef [rev]

Figure 5 Example of the modelled length of tool
life T as a function of naefor 4 different values of
the equivalent chip thickness he.

By inserting the parameter nger as seen in equa-
tion 4 and the equation for hy = h. according to
equation 2 in equation 6 (Shortcut-Wear-
Model) the length of tool life T can be ex-

pressed directly in the form of cutting data and
other included variables (equation 7).

ky ky
k 1 !
T:[lj —k3(5+nd€,(f,r,£,,,)J

—ks-h(fa,,r,K)"
T=TQ,f.a,.r.Ké&y) %)

kl

c 1

1" 2
{T + k{nM +Ej + kg ~hxk°}

In figure 7 the appearance of the cutting tool’s
lifetime T is exemplified as a function of f for
2 different nose radii r.

Alloy 718, v, = 250 m/min

0.05 0.1 0.15 0.2 0.25
he [mm]
Figure 6 Example of the modelled length of tool
life T as a function of the equivalent chip thickness
for 3 different values of naey.

0 N _
T v, = 250 m/min, a b= 0.3 mm
fmin] 7 r=6.35 [mm]
6
1.2
5]
0.4
4
3
0 0.05 0.1 0.15 0.2 0.25 03
f [mm/ivarv]

Figure 7 Example of the modelled length of tool
life T as a function of feed f and nose radius r
during the machining of Alloy 718 with a, = 0.3
mm, cutting speed v. = 250 m/min and ey = 0.07
mm.

I figure 7 it can be noted that for each respec-
tive nose radius r there is an optimum rate of
feed fop in order to achieve maximal length of
tool life T. This feed rate results in an opti-
mum minimal aggregate load caused by strain
hardening and direct mechanical load resulting
from the theoretical chip thickness h; for the
given cutting speed ve.
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The characteristics of tool lifetime T can be
illustrated according to figure 8 by studying
every individual term in equation 6.

f [mmirev]

Figure 8 Principle characteristics of tool lifetime T
where AT = Abrasive thermal deterioration, D =
Effect of the working material’s strain hardening
and TM = Thermal and mechanical effect.

6. Experiment and result

As stated in part 3 the experiment was con-
ducted in both production and laboratory con-
ditions. The experimental values gained con-
cerning tool lifetime have been adapted to
Colding equation (equation 1) as well as the
relationship as seen in equation 6; this was
done with the help of least square method.
Tool lifetimes Tp obtained under production
conditions have been adapted to statistical
functions of distribution. These results are
presented in a separate report [26]. The esti-
mated mean value of Tp forms the basis of the
determination of the constants included in
equation 1 and equation 6.

In this study, the wear criteria, maximal flank
wear VBmax = 0.30 mm, has been applied. The
wear times that are presented are linearly in-
terpolated or extrapolated on the basis of the
levels of wear recorded for each individual
test.

The distribution or variation in tool lifetime is
significant under production conditions. In
figure 9 the length of tool life is presented
together with its distribution for the selected
measurement series (A, C, D, E and G). Other
conditions are presented in tables 1 and 2. The
calculated mean values for Tp are represented
by shaded symbols. The diagram shows indi-
cations of a maximum in Tp as a function of
the equivalent chip thickness he. In figure 10
the length of tool life Tt under laboratory con-
ditions is presented. The prerequisites for the
diagram are presented in tables 3 and 4.

In table 7 and table 8, the calculated constants
for Colding equation and equation 6 are pre-
sented (as used in production and laboratory
conditions respectively). For the calculation of
the constants k; — ks the mean extent of de-
formation em has been determined to 70 pm.
This value has been used in all calculations.

10,
T D G
f A
min] ¢ o
o o o
o E
6 & - g RN
o~ 8 ~<..®
- o
o 8 T~
4 o BN @
) o
8,02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
hg [mm]

Figure 9 The length of tool life Tp and its distribu-
tion as a function of equivalent chip thickness h.
during machining under production conditions for
selected measurement series. The calculated mean
value of Tp is represented by shaded symbols.

6
T
[min] 3 ©

4

§ Q v o

30 O

° o 5
O ©
2
0
1
004 006 008 0.1 0.12
he [min]

Figure 10 The length of tool life Ty as a function of
equivalent chip thickness h. during machining in
the laboratory under varying conditions as seen in
table 4.

Table 7 The calculated constants for Colding
equation under production conditions P and la-
boratory conditions L.

K H M No L
P | 5.8664 | -2.7058 | 0.5838 | 0.5322 | - 0.1284
L | 58761 | -2.6096 | 0.6487 | 0.8309 | - 0.1947

Table 8 Calculated constants for SWM under pro-
duction conditions P and laboratory conditions L.

ki k2 ks k4 ks ke

P | 1887 | 1.1384 | 1.1985 | 0.4969 | 38.88 | 1.029

L | 3918 | 0.7193 | 0.4688 | 1.100 | 20.04 | 0.707

By comparing the experimental length of tool
life T; with the modelled length of tool life T
the mean error can be calculated in each re-
spective measurement point according to equa-
tion 8.
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100 < m
E, :—m j=l‘Tj.—T( j,ap)j,rj,v”,s,,,{j)‘ ®)
10
Tp T Vv, =250 [m/min]
[min] P, Colding
! W Nget =
AN 2.3

3.3
42
58

0.02 0.04 0.06 0.08 0.1 0.12
he [mm]
Figure 11 Modelled length of tool life Tp with
Colding equation, and, in accordance with SWM,
for the measurement series A-K.

1
T

[min]

Figure 12 Modelled length of tool life T, with
Colding equation and according to SWM.

350k

7 :
- a \\

E /\4

2

e
&

I
Ui

2

0l 0z 03
iy f [mm/ivarv]
Figure 13 This exemplifies how various combina-
tions of feed f and cutting speed v. result in differ-
ent tool lifetimes Ty, for r = 1.2 mm, a, = 0.3 mm

and ey = 0.070 mm.

In table 9 the calculated mean error Erp and
Erp is presented in the form of percentages
for each respective model.

In table 10 the calculated mean error E.cp and
E.cr is presented as a percentage for each re-
spective model.

Table 9 Calculated mean error Et as a percentage
for Tp and T for each respective model.

Erpr | ETL
Colding equation | 19.0 | 18.1
SWM 174 | 16.5

Table 10 Calculated mean error E,. as a percent-
age for v.p and v, for each respective model.

Evc,P Evc,L
Colding equation | 5.3 | 2.9
SWM 80 | 5.6

7. Conclusion and discussion

Two different models have been compared to
describe the length of tool life during longitu-
dinal lathing of the nickel-based Alloy 718.
Also, two types of test have been carried out;
one under production conditions where ma-
chining was performed on forged turbine discs
and another under controlled laboratory condi-
tions. One of the objectives with the study is to
investigate the possibility of using a model for
the description of tool life; a model which also
directly takes into consideration the strain
hardening of the working material during ma-
chining.

The production-based tests that were carried
out include a considerable amount of data. The
variation or distribution in tool life is relatively
significant when compared with conventional
steel for example. The distribution in tool life
can primarily be traced to the following:

— Variation in the characteristics of the
working material resulting from var-
iations in analysis and heat treat-
ment.

— The effects of using cutting material
with low breakage toughness and
with low values of flexural strength
tension.

— The deterioration of the cutting tool
results in a successively varied and
increased edge radius, which in turn
leads to increased and varied zones
of deformation gy this results in an
increased and varying value for nger.
This parameter is included directly
in the length of life equation, as seen
in SWM.
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Two models for lifetime have been presented
in the study; Colding equation and equation 6
(Shortcut-Wear-model). Both equations result
in a relatively large model error when calculat-
ing the length of life T as a function of cutting
data. The model as seen in equation 6 however
does give a slightly better result according to
table 9, which can be explained by the fact that
the extent of deformation &y is taken into con-
sideration and that an additional model con-
stant has been applied. One of the main rea-
sons why Colding equation gives a greater
model error is that it does not take into consid-
eration the change in the working material’s
characteristics resulting from strain hardening
during the cutting process. The model error
connected to equation 6 is believed to depend
mostly upon the fact that the extent of defor-
mation gr is assumed to be constant through-
out the time the cutting tool is in use. A mean
value for the extent of deformation &m has
been used during the entirety of the lifetime of
the cutting tool.

The model error when calculating a cutting
speed for a given wear time is less than the
equivalent error when calculating wear time
for a given cutting speed (see tables 9 and 10).
This can be explained by the fact that a too
limited number of cutting speeds were used
during all the tests and that a cutting speed of
250 m/min is dominant in the basis of this
study. In this case, Colding equation gives a
lesser model error than equation 6, which can
be explained by the fact that Colding equation
is primarily developed for the purpose of de-
termining cutting speed for a given lifetime
(see equation 1). The determination of the
constants in each model with respect to h. has
not been carried out, i.e. the establishment of
h for a given lifetime T and cutting speed ve.

The length of tool life under production condi-
tions is better than under laboratory conditions
due to the fact that the forged materials have
significantly better cutting characteristics than
the bar materials. The more difficult cutting
characteristics of the bar materials are ex-
plained by their higher content of free carbides
in the form of TiC and NbC as seen in figure
14. The forged materials also have a more
restrictive material specification than what the
standard for Alloy 718 normally allows.

When establishing the model constants for
Colding equation and the ShortCut-wear-
model according to equation 6, it is necessary
to have a starting value for the iteration in-
cluded in the least square method. A number
of various minima for the model error can be
obtained depending on the start values given.

Alloy 718 = =

Figure 14 Free carbides in the form of TiC and
NbC in Alloy 718, (20 000x).

The start values for Colding equation are
largely based on established experiences. A
model as shown in equation 6 is based upon
physical performance where an ideal tool life
is reduced because of abrasive wear resulting
from the effects of mechanical, thermal and
tribological load. This principle construction
means that the constants k; — ke have to be
positive. At the same time, it can be stated that
several constants, among them k> and ke, de-
scribe the strength of the thermal load which
leads to varying start values in the iteration,
which in turn can lead to varying start values
for the constants at the same as the model error
has a minimum. The values of the positive
constants presented give the lowest model
error. The connection between the constants
means that the constant k, cannot directly be
compared with Taylor’s 1/a as seen in equa-
tion 3.

The Shortcut-wear-model results in a maxi-
mum length of tool life for a given value for h,
(see figure 13) due to the balance between the
working material’s strain hardening and in-
creased thermal and mechanical load. For
somewhat larger values of 0.10 < h, < 0.20
[mm] both models presented will approach
each other as seen in figure 12 as the effect of
strain hardening decreases. In general, the
validity of the models can be described ac-
cording to table 11. During the machining of
Alloy 718 with hard metal cutting tools for
example, the effect of the working material’s
strain hardening will have a limited influence
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on the length of tool life, as it is usual that h, >
0.10 [mm]. It is however always problematic
to apply models outside of the scope of the
cutting data which has been used to calculate
the model constants.

Table 11 Area of validity for each model with re-
gard to the equivalent chip thickness h,.

Shortcut-Wear-Model
Colding equation

himin <he <0.12 [mm]
he > 0.10 [mm]

Depending on the extent of deformation e ,
different limits will be obtained for h; reduced
values for em will lead to Colding equation
having increased legitimacy for lower h. val-
ues.

8. Further Studies
The following additional work is ongoing or
planned:

1. Statistical analysis to explain the dis-
tribution that exists within experi-
mental tool lifetimes determined under
production conditions (see figure 9),
[26, 31].

2. The use of a variable, extent of defor-
mation gm in equation 6 (Shortcut-
Wear-Model).

3. Analysis of how the extent of defor-
mation gy is affected by other parame-
ters, such as, for example, cutting
speed and edge type (1p).

4. Calculation of the model error Epep
and Epe .
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