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Abstract. The presented research displays an original method for defining optimal machinability parameters for metal cutting, by
using drilling as an example. Machinability parameters, as exponential values in Taylors extended equation are defined for a
broader specter of workpieces grouped into diverse groups according to heat states, mechanical and chemical features. The model
for the optimization of cutting processes is based on the Taylor equation,
providing an analytical dependency between the cutting speed and tool life.
From Taylors equation have been derived extended expressions determining the
functional dependency between elements of the cutting mode and machining
conditions, including a presentation of the methodology of experimental and
mathematical determining of machinability parameters in realistic industrial
conditions. Thus have been analytically defined the major dependencies between
the characteristic parameters of the machining process, enabling the engineers
of FMS technology to select optimal machinability parameters when generating
the NC code from the aspect of different criteria, providing high productivity and
an economical production process in FMS.
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1. INTRODUCTION
Production in an FMS (Flexible Manufacturing System)
is conducted by working a group of different materials at the
same time, where each material is made in a different series,
on a certain number of machining centers integrated with a
unique control system. The material is processed by
performing diverse machining operations of cutting (milling,
tourning, drilling, tapping, grinding, etc.) in a precisely
engineered order, with defined cutting modes in NC
programs. Technological engineers use recommended cutting
mode values when engineering technological processes that
tool manufacturers suggest for certain machining conditions.
Recommendations are most often given for cutting speed,
depth of the cut, feed and corrective factors in case the
cutting process occurs in changed conditions in relation to the
reference conditions for which are recommended cutting
modes. Today, there is a very large specter of different
construction materials that are processed in FMS, a large
number of tool manufacturers with a constantly present
development in cutting geometry and new technologies of
tool materials, making the task of the technology engineer
and NC program very complex.
Regardless of the modern CAD/CAM engineering
technologies being used today, the cost-effectiveness and
productivity of the machining process depends primarily on
the knowledge and experience of the technology engineer
when in cutting mode. That is why it is particularly important
to know the optimal values of cutting parameters and the
analytical dependency between elements of the cutting mode,
enabling the procedure of optimizing the machining process.
Up until today numerous optimization methods for
conventional machining processes have been developed for
different production types [2] that unfortunately cannot be
applied to simultaneous production and flexible technologies.

The goal of the research described in the ensuing chapters of
this paper is precisely the development of methods for
determining the optimal values of cutting parameters, which
adequately and analytically describe the phenomenological
occurrences in the cutting zone during different processing
conditions, bearing in mind the recommended or
experimentally gotten cutting mode values. Machinability
parameters that are representative for all workpiece materials
are grouped inside of one cutting group (CG), and can be a
basis when establishing a model for optimizing production
processes in FMS. The model is based on an analytical
correlation between the main process factors and
machinability parameters for potential combinations of
workpiece materials and tools for all technological
operations. Mathematical models can be successfully
determined based on Taylors equation, the results of
experimental research and program analysis for selecting the
adequate values of machinability parameters [3].
The lack of an analytically described model for a cutting
process, software companies developing CAM packages for
designing NC programs are attempting to resolve this with
databases for technological data with cutting modes, referring
only to referential machining conditions and cannot be used
when optimizing cutting processes.

2. PROBLEM DEFINITION AND BASIC
HYPOTHESIS
The technological engineers for FMS most frequently
have a task of defining the cutting speed (v), depth of the cut
(a), feed (f) after having chosen the tool, so the operation is
realized in a predefined period of time (tm), while complying
with the permitted tool wear intensity (B), tool life (T) and
not allowing the maximum value of cutting resistance (F) to
pass the permitted tool-load limit. Furthermore, the limitation
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of the maximum number of turns of the main spindle of the
machining center (nmax) and cutting power (P), limited by the
power of the drive motor of the machining center, must be
taken into consideration [1]. Technology engineers must
make the best clamp plan for the workpieces on the palette as
possible. He must design the NC program for each clamping,
which must be realized in a given timeframe - comprised of
the workpiece change time (tw), tool change time (tt) and
cutting time (tc) with each technological operation realized
within one NC program (Figure 1).
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bluntness of the blade and deviations during the process of
forming borings in the cutting zone (Figure 2). As criteria for
tool utilization for a certain quality of the processed surface, a
permitted wear bandwidth has been introduced (B). Taylor
had through his research laid down the foundations of
engineering productive and economical production processes
in the metal cutting industry, that have been acknowledged
not only by scientists from his time but also from their
followers who had done research on cutting processes in the
previous century.
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Fig. 1. Production concept for machining a workpiece group
in FMS
Since times (tw) and (tt) are construction parameters for
machining centers, only by selecting different cutting modes
can time be controlled (tm)  referring to the time of direct
contact of the tool blade and workpiece material during the
cutting process.
Pennsylvania University professor Frederick Winslow
Taylor (1856-1915) had during the industrial revolution
experimented for an entire 26 years only to determine in 1907
an analytical dependency between cutting speed (v) and tool
life (T) in the dependency of workpiece materials, tool type
and processing conditions (constants m and C) in the form of:
v Tm = C.

(1)

Taylor had with his equation (1) defined tool wear as a
time function of the cutting process, which is the basic
hypothesis when researching machinability parameters. The
tool wear process leads to change in the cutting geometry,

On former Yugoslavian soil, the biggest follower of
Taylor was Vladimir B. olaja, PhD (1920-1998) a professor
of the Faculty of Machine Engineering of Belgrade
University, who had formed a perennial national project
called Systematic testing of the machinability of domestic
construction materials with domestic tools [4], which was
realized during the period 1963  1980. The research
encompassed a couple dozen large metal processing
industrial complexes, tool producers and producers of
construction materials from all the republics of former
Yugoslavia, with a goal to promote the economics of the
domestic metal processing industry.
Metal machinability by cutting is a set of qualities of
certain material, through which can be evaluated the success
of the work process from the preparation to the final
processing. Machinability is determined for each type of
process individually, whereby we take the mechanical,
chemical and thermal characteristics of the workable
material, geometry of the tool blade and specifics of the
cutting process [5]. A universal machinability indicator
doesnt exist, but can be defined for the drilling operation via
the following characteristic parameters:
Cutting speed v = v ( b, T, d, f, ...),
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Cutting resistance Fi = Fi (CF, d, f, B, geometry of the
tool blade, ...),
Processing quality Ra = Ra (CR, v, f, B, geometry of the
tool blade, ...),
Temperature at which work is performed = (C , v, d,
f, geometry of the tool blade, ...),
Shape of the borings defined by length, rate of
compression and shearing angle,
The state of the deposits on the front area of the tool and
other parameters.
Through a perennial research of the cutting process in
the initial Taylor equation (1) over time had been introduced
multiple influential factors, in order to define the realistic
cutting process as closer as possible [6]. Thats how the
extended Taylor equation arose, defining tool resilience and it
has the following form (for the drilling operation):
T = Cb v-m d-x f-y,
(2)
where: d  is the tool diameter, f  feed, a Cb, m, x, y 
constants dependent on the material of the workpiece and tool
type.
The significance of individual parameters in the
extended Taylor equation in terms of their influence on
machinability is different, especially since working
conditions can be quite different in the cutting process [6].
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While performing the experiments, to define
machinability during the drilling operation, there are medium,
maximum and minimal cutting sped variations (v), the
drilling diameter (d) and feed (f) in certain combinations
(Table 1).
Table 1. Machining parameters values for experiments
Processing
Factor value

Cutting
Speed
v [m/min]

Drilling
diameter
d [mm]

Feed
f [mm/o]

x1

x2

x2

Max
Medium
Min

120
90
60

40
20
5

40
20
5

+1
0
-1

+1
0
-1

+1
0
-1

Normed variable

If you leave out the middle level, you get a 23 factor
experiment. However, given the estimate of exactness of the
23 factor experiment, at the point of all middle values (0,0,0),
are performed 4 other experiments. That means that planning
is performed with the factor experiment 23 + 4, with a total of
12 necessary experiments (Figure 3).
During the experiment is measured the increase in the
wear belt on the back surface of the tool blade (B), with a tool
microscope and the cutting time (tc) is defined indirectly with
the equation:
tc = L / n f ,

3. METHOD OF EXPERIMENTAL
MACHINABILITY TESTING

(8)

where: L is the drilling length, n the number of turns of the
main spindle and f is the feed.

Experimental machinability testing is usually
performed with the tool wear method and the dynamometric
method, in order to define the tool wear process and the static
and kinematic models of cutting resistance. The tool wear
method is the most reliable and acceptable for testing
machinability in production conditions, and it is based on the
theory of planning experiments and mathematical result
processing methods [7].
By making a logarithm out of Taylors equation (2) you
get a linear equation in the following form:

Drilling diameter, d (x2)
6

5

+1
7

9
8

-1
+1

10

12

-1
+1
Cutting speed, v (x1)

11

1

ln T = ln Cb  m ln v  x ln d  y ln f .

2

(3)

-1
3

If you bring in a replacement

4

Feed, f (x3)

Y = b0 + b1 x 1 + b2 x2 + b3 x3,

(4)

Fig. 3. Plan of a multifactorial experiment for researching
machinability parameters

Where
Y = ln T, x1 = ln v, x2 = ln d, x3 = ln f,

(5)

b0 = ln Cb, b1 = -m, b2 = -x, b3 = -y,

(6)

Based on the gotten experimental results after 12
experiments are constructed tool wear curves which show the
dependency between tool wear intensity and tool life (Fig. 4).
Wear belt width, B [mm]

we get normed values for experimental testing in the form of
the expression:
x1 = 1 + 2 (ln v  ln vmax) . (ln vmax  ln vmin) -1,
x2 = 1 + 2 (ln d  ln dmax) . (ln dmax  ln dmin) -1 and
x3 = 1 + 2 (ln f  ln fmax) . (ln fmax  ln fmin) -1.

v = 60 [m/min]
v = 90 [m/min]
v = 120 [m/min]

0.4
0.3

(7)

When testing machinability with the tool wear method
use the Box-Wilson method of planning experiments [8], to
come by the required number of correlations with the
minimum experiments possible, based on which can be
determined the exponents in Taylors equation.

0.2
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0.0
0
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Tool life, T [min]
Fig. 4. Width of the wear belt depending on tool life
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Tool life (T) is measured during the tool wear process,
and identifies the borderline values of tool life according to
the criterion of tool bluntness, i.e. at the moment when the
belt width of the tool wear on the back end of the blade
reaches the value B = 0.3 [mm]. Other than curved tool life,
in a double logarithm coordinate system can be shown the
dependency between tool life and change in cutting speed
(Figure 5).
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apart from the theoretical, also has an exceptional practical
significance in the metal processing technology. Empirical
laws in the form of extended expressions gotten through
experimental testing, enable rational construction and more
economical exploitation of machining centers, tools, auxiliary
utensils and the optimization of the production process by
calculating the optimal values of elements of the cutting
mode, in the equations of which figure resistances and cutting
moments.
The piezoelectrical dynamometer is used for measuring
the cutting resistance which immediately shows the value of
the cutting resistance. While performing the experiments two
parameters vary  the drilling diameter (d) and feed (f),
enabling the performing of a two-factor experiment, whereby
we get an analytical expression:

20

F = CF dx1 fy1.

10

To this graded function can be matched a certain
surface in an experimental two-factor space. The shape and
position of this surface and with it the numerical value of the
machinability parameter CF, x1 and y1 are determined by
applying the mathematical theory of planning experiments.
The cutting moment is defined as:

Tool life, T [min]

f = 0.30 [mm/o]
f = 0.15 [mm/o]

60

f = 0.05 [mm/o]

5
d = 20 [mm]

(11)

0
0

90

120

M = Cm dx fy .

150
Cutting speed, v [m/min]

The cutting power depends on the cutting speed (v) and
the main cutting resistance (F) and is equal to

Fig. 5. Tool life depending on cutting speed
By applying the matrix theory and bringing in new
coordinates into the expression (4), we get an equation,
determining the relation between threshold cutting speed
values (v), drilling diameter (d) and the feed (f) against
machinability parameters:
Y = b0 + b1 + 2b1 . ln v (ln vmax  ln vmin)-1 
 2b1 . ln vmax (ln vmax  ln vmin)-1 +
+ b2 + 2b2 . ln d (ln dmax  ln dmin)-1 
 2b2 . ln dmax (ln dmax  ln dmin)-1 +
+ b3 + 2b3 . ln f (ln fmax  ln fmin)-1 
 2b3 . ln fmax (ln fmax  ln fmin)-1.

P = dx2 fy2 Cp-1 T-m

KL KQ,

(13)

where:  is the grade of using the work center.
Through the displayed experiments method can be
defined the machinability parameters for every workpiece
material, with every type of processing by cutting by using
the selected tool type.

4. PRESENTATION OF THE DEVELOPED MODEL
(9)

Based on experimental results and determined
equations, are first calculated the values of the parameters of
models b0, b1, b2 and b3 and returning to the initial
coordinates by means of equations (4 - 9) we come by some
specific experimental values of machinability parameters in
an extended Taylor equation. Furthermore, into the analytical
expression for cutting speed (v) is introduced the corrective
coefficient Kd/L taking into consideration the relation between
the diameter (d) and drilling depth (L) and the corrective
coefficient KQ and taking into regard the intensity of the tool
blade cooling in the cutting zone. With the corrective
coefficients, the extended Taylors equation gets the final
shape for cutting speed (v) during the drilling operation:
v = Cb dx Tm fy Kd/L K Q .

(12)

(10)

Through the procedure of dynamometrics can be
determined the axial cutting resistance (F) as one of the main
factors of machining by drilling. Knowing the exact
equations for force laws and cutting moments as well as
knowing the relationship and distribution of forces and force
moments upon individual cutting and other tool elements,

The experimental determination of machinability
parameters requires great costs, which in industrial conditions
are not economically justified. Hold-ups in production are
required, lab equipment, testing time and trained staff, which
cannot be applied to realistic production conditions in the
industry. That is why a special model has been developed for
selecting the optimal values of machinability parameters that
can with satisfactory precision be used for all materials
grouped under one and the same cutting group. All work
piece materials are grouped within multiple cutting groups
(from CG1 to CGi) based on chemical composition,
mechanical characteristics, temperature states and other
properties significant for machinability. Since there is a very
large number of different types of tools on the global market,
with different blade geometries, tool materials and a very
unequal access to the cutting modes by the tool producer,
various cutting processes have been designed and a selection
made of the representative parameters of machinability
according to the cutting groups of work piece materials, tool
and work types.
Tool producers give recommended minimal and
maximum cutting speed values (v), feed (f) and contact depth
(a) for characteristic cutting groups of workpiece materials
(CGi). As reference data on cutting modes to be used as
discrete values in determining the analytical expressions for
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the main work factors, a utility software program has been
developed LCut, that automatically defines the machinability
parameters and sets up the spatial surface of optimal values
of elements of the cutting mode through points of the
referential recommended values by the tool makers [9].
Instead of the spatial points it brings an analytically defined
surface in the technological space, with established functional
dependencies based on the Taylor equation among the main
machinability factors and the conditions of the cutting
process, whereby the machinability parameters are exponents
in the extended Taylor equation.
If we observe the drilling operation, it can be performed
for one cutting group of workpiece materials with different
types of tools: with the drill head for hard metals, with a
curved drill made from HSS steel, a curved drill with hard
metal blades, with blade cooling channels, a layered curved
drill with hard layers made out of titan nitride and other tools.
The model, developed in this research contains machinability
parameters (Cb, m, x and y) for every type of tool with which
the drilling operation can be performed, when machining on
some workpiece materials grouped within one and the same
cutting group.
As a representative example for the drilling operation
of workpiece materials from cutting group CG1, a cutting tool
has been selected with a curved drill made from HSS steel.
For this combination of workpiece materials and tools, have
been defined, experimentally, through an analytical
procedure, the representative values of machinability
parameters:
Cb = 15.265, m = -0.16, x = 0.27 and y = -0.35, and the
extended expression with numerical machinability parameter
values for cutting speed in that case is:
v = 15.265 (d0.27 T -0.16 f-0.35) Kd/L KQ .

(14)

These values of the machinability parameters have been
selected as representative for all workpiece materials within
cutting group CG1 and as the most adequate for the database
of technological data intended for NC program engineers,
from a set of different values that have through the analysis
system been ranked as inadequate for an analytical model of
the cutting process.
Through a systematic research of the machinability of a
broad specter of workpiece materials within cutting group
CG1, the following thresholds of machinability parameter
dispersion are gotten:
Cb = 13.944  16.265, x = 0.27  0.30, m = -0.16 - 0.17 and y = -0.31 - -0.37.
Furthermore, the following is determined Cb = 15.265,
as the mean values of all constants Cb gotten through
experimental research for the combinations of all workpiece
materials from cutting group CG1 and the curved drill tools
from the fast-cutting HSS steel.
In order to determine the measurable values of
exponents x and y within the intervals of experimentally
gotten different values for workpiece materials within one
cutting group, that will represent all the machinability
parameters of that cutting group, with the assistance of the
applied software LCut is analyzed the influence of the
drilling diameter (d) and maximum feed (fmax) on the cutting
speed (v) depending on the variation of exponents in an
interval of xmin to xmax and from ymin to ymax in Taylors
equation (Figure 6).
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Fig. 6. Variation of cutting speed depending on the exponent
value x in Taylors equation
According to the criteria of minimum cutting speed
dispersion values while the workpiece materials are being cut
within the same cutting group, in the first step is ascertained
the lowest value of exponent x, from the values that have
been gotten through experimental machinability testing.
According to this same criteria, with the assistance of the
LCut program in the second step is determined the optimal
value of exponent y, so that changes of combinations of the
drilling diameter (d) and maximum value of the
recommended feed (f) have the lowest possible impact on
cutting speed dispersion (Figure 7).
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Fig. 7. Minimization of machinability parameter influences
on cutting speed
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5. DISCUSSION
From the diagram (figure 5) it is obvious that in the
same machinability combinations of diameter drilling and
recommended maximum feed values (fmax) for a selected
diameter (d), according to the criteria of the maximum
permitted axial force (F) as resistance to the penetration of
the drill into the workpiece material at a constant value of
parameter y, the lower values of exponent x in Taylors
equation provide for smaller cutting speed (v) dispersion. It
would be ideal for the engineers of the NC program, for a
certain group of materials and technological requirements, to
define a constant value of a representative cutting speed (v).
But since it is practically impossible to attain the condition v
= const, for a broader interval of the tool diameter (e.g. from
dmin = 2 [mm] to dmax = 60 [mm]), with a maximum feed (e.g.
from fmax = 0.04 [mm/o] to fmax = 0.60 [mm/o]) in the
function of the tool diameter, the goal is, by selecting the x
parameter to provide the lowest possible cutting speed value
dispersion as possible (v).
It can be seen on the diagrams (Figure 6) that for a
constant value x = 0.27 and variable value y in a range from y
= -0.31 to = - 0.37, there is a minimum dispersion of
cutting speed values by = - 0.35. This value is optimal in
the instance of the interdependency between the characteristic
drilling diameter (d) and the recommended maximum values
of the feed (f) for the materials of the workpiece within the
same cutting group CG1. If the engineer of the NC program
selects lesser values than the recommended maximum feeds
(f < fmax), you get an even smaller dispersion of cutting speed
values [10].
The exponent of tool durability (m) in Taylor-s
equation can be selected according to the criteria of
minimizing the impact of tool wear on the cutting speed. For
workpiece materials from cutting group CG1 and the curved
drill from the fast-cutting HSS steel, which is taken as an
example in this paper, the value m = -0.16 has been selected.
Through experimental monitoring of the tool wear process, as
the bluntness criterion B = 0.3 [mm] has been chosen
reference tool life T = 25 [min] and the corrective factor KT
was introduced for tool life that is different than the reference
tool life. If tool life is smaller than the reference tool life then
KT > 1. If it is bigger than the reference tool life then KT < 1.
For instance, if m = -0.16 and tool life is T = 10 [min], the
corrective factor has the value KT = 1.192. If the value of the
exponent is m = -0.17, for the same tool life T = 10 [min],
the corrective factor has the value KT = 1.205. When tool life
is greater than the reference value, e.g. T= 40 [min] at
exponential value m = -0.16, the value of the corrective
factor is KT = 0.855, while for m = -0.17, the KT factor value
is KT = 0.847. These values of the corrective factor KT prove
that this is a sufficiently small influence of tool wear on the
cutting speed by m = -0.16. That means that in the drilling
process at the expense of reducing tool life can be increased
the cutting speed or reduced the cutting speed if the
technological requirements are such that we need to increase
tool life.
In the extended expression (14) for cutting speed (v)
there are also corrective factors Kd/L and KQ. For drilling on
relatively smaller depths (L
3d) when there is an
undisturbed removal of borings from the cutting zone, the
value of the corrective factor is Kd/L > 1. For drilling on
greater depths (L > 3d), when the shard removal is made
harder from the cutting zone, the corrective factor is Kd/L <1,
impacting the reduction in the nominal value of the cutting
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speed (v). Furthermore, the reduction or increase of the
nominal cutting speed (v) impacts the intensity of tool
cooling in the cutting zone. Cooling takes away heat,
lubricates the contact zone of the tool and the surface being
worked on, so that the corrective coefficient KQ has values in
linear dependency against cooling intensity. With more
intensive cooling of the curved drill in the cutting zone the
cutting speed (v) can be increased.

6. CONCLUSION
The developed model for the cutting operation, can be
successfully applied on other operations for working on
openings (boring, counterboring, tapping) and by using the
experimentally analytical procedure of determining the
optimal values of machinability parameters. Furthermore,
according to the same criteria and rules can be developed
models for all other types of cutting processes in industrial
conditions (milling, turning, grinding...), and thus define an
entire system for optimizing flexible technologies. Grouping
workpiece materials into cutting groups (CG) for each type of
processing, enables a sufficient number of combinations with
the most frequently used specter of different tools, utilized in
the cutting process, which is adequate for the practical use of
engineering technologies for FMS. Relations between
parameters can be established with a database for
technological data that can be successfully integrated in each
CAM system.
This provides for technology engineers when
generating the NC code, to use optimal values for the cutting
speed (v), feed (f), tool life (T) and depth of the cut against
the work piece material (a) for very different machining
conditions and technological requirements. At the same time
can be programmed an optimal path of the tools during
continued processing, so that the cutting resistances are
constant during a change in the cutting mode, which provides
dynamic stability of the cutting processes and a high quality
of the machining surface. By choosing the adequate
parameters of the cutting process and tool life (T) can be
controlled the tool wear process, so that any operation can be
realized in the required time (tg). Managing the tool wear
process, through mode-based parameters for machinability is
the main goal realized by developing a model for optimizing
cutting processes in FMS. This model represents a basis for
developing a post-processor generator of the NC programs
that are executed in FMS. With the help of the Cell controller
era and post-processor generator can be performed the
optimization of an entire production group of parts in
different series in a given period of time.
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