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Abstract

In the fierce competition amongst users and supplé manufacturing technologies, cutting
tools, machine tools and components, it is necgssarimprove the exploitation of the
potential of the individual elements of the cuttprgcess, such as cutting tool, machine tool,
clamping, and working conditions. For the manufaetu it is important to know the
specifications of the machining process, the goditgd productivity and efficiency as well as
their partial aspects, such as the required powed #&rque, material removal rate, energy
efficiency, machining time and estimated cost oérajon. In order to predict these
parameters without lengthy calculation and/or cpsthd time-consuming experiments, | have
decided to create a software application. This aaplon will help technologists in practice
to choose the appropriate types of machine toaldjng tools, operations and also quickly
determine the main parameters of the cutting precébe first step was to choose the most
suitable modelling method, so that the applicatwould work with technologies, such as
milling, drilling and turning and with a variety okorkpiece materials. For this purpose |
have chosen a modelling method based on a speuitiag force.
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1. Introduction

There is currently an increased demand to imprbeeefficiency of the machining process.
The efficiency of the machining process can be feskfrom two basic perspectives:

* enhancing the cost-effectiveness of the processddsing production costs),

* increasing production in time.
Via these two approaches alone, manufacturers rié,p@nd suppliers of machine tools and
cutting tools, constantly strive to improve theianket position in a highly competitive and
international market. One of the approaches teeame efficiency is via the correct choice and
optimal exploitation of the potential of cuttingote and machine tools as well as a reduction
in the intensity of the energy that is requiredtfoe cutting process of a particular component.
This is what led to the idea of creating an anefjtmaterial model to determine the force
interaction between the cutting tool and workpiemeegrgy intensity and machining process
efficiency. The result will be a software applicatithat will help technologists in practice to
choose correctly the appropriate types of cuttmgs, operations, machine tools and also
quickly determine the main parameters of the cgttirocess so that there is the possibility of
comparing their results with other variants.
In order to acquire the main parameters of thergugprocess, there are various modelling
methods. The basic output of the methods is a vafueutting forces or cutting process
temperature. According to the reference [1], knolgke of the cutting forces can be indirectly
used for assessing the following phenomena:



» power and torgue of the machine tool,

» thermal effects of the cutting process,

* energy efficiency

» durability of the cutting tool,

» total economic balance of cutting.
The first step was to choose the most suitable tiogenethod for the software application.
As per the reference [2], | have created an overakthe cutting process modelling methods,
along with descriptions and comparisons of thewaatiages and disadvantages. The most
well-known and employed methods of cutting procasslelling are:

* FEM modelling and material modelling — referencés{[11],

» modelling the geometric ratios of cutting tool eggaent — references [12] — [16],

» cutting process modelling based on empirical datferences [16] — [21],

e cutting process modelling based on a specificoytidbrce — references [21] — [44].
For the purpose of creating the software applicati@ecided to choose the method based on
a specific cutting force, for the following reasons

* itis a universal method which may be used foringll turning, drilling, pre-drilling,

* in the catalogues provided by manufactures of mytibols, there are parameters for a

variety of workpiece materials,
» using this method is quick and flexible.

2. The predictability of force effects based on a specific cutting force

2.1 Introduction to the method
This method of the force effects modelling is a moelt that is based on a calculation of a

cutting force via multiplication of a specific cuig force (k, ks, ko) and the cross-section area
of a chip (A), see equations (1), (2), (3).

F.=k [A=k_[hib (1)
F, =k, [A=k, [hb 2)
F, =k, [A=k, [hib (3)

The specific cutting force is the resistance tlsaexperienced by the workpiece material,
when the workpiece material is in direct contacthwthe cutting edge of the cutting tool.
When this resistance has been overcome, the wakpreterial is cut by the cutting tool
[16].
The workability of the cross-section of the chip @epends on:

» the cutting technology (milling, drilling, turning)

» the geometry of the cutting tool (lead angle, rakgle, nose radius),

» the shape of the cutting tool insert (square, rotmehgle).

2.2 Basic equation of the calculation of the specific cutting force

The basic equation of the specific cutting forca idependency of the specific cutting force
on an undeformed chip thickness, see equationgs)and (6).

k, =y T )
Ki =Kiqy ™ )
kp = kpl.l [h_mp (6)



In Fig. 1 there is an example of a dependency gffexific cutting force on an undeformed
chip thickness when turning C45 steel (W.Nr. 1.0508 a cutting tool of parameters:
r=0.8mm k=70°,y=5° for the cutting conditions:¥135m/min, g&=2mm and g=3mm.
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Fig. 1 Specific cutting force as a function of undeforraeip thickness when turning C45 steel

As it is seen in Fig. 1, the higher the value @& tinderformed chip thickness, the lower the
value of the specific cutting force. Technologidsneetal machining with low values of

undeformed chip thickness, such as lapping or grqydhave quite high values of specific
cutting forces, see Fig. 2.
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Fig. 2 Specific cutting force for different methods ofahatachining [22]



A major advantage of this modelling approach isgsheed of calculation that has universal
applicability in practice. This is due to a weatthexisting and detailed databases of the k
and m (and other) parameters for a considerable vaoktyaterials, which may be found in
catalogues provided by the manufacturers of cutiids [32][33], as well as in a variety of
technical literature [14][24][25], see example ig.R.

Cutting conditions
Cuiting speed e = 100m/min
Depth of cut dg = 3.0mm
Cutting material Cemented earbide P10
Cutting edge geometry
o ¥ A £ s e

Steel 5 & g q0° it 0.8 mm

Cast iron (o 2 i 90 Toe 0.8 mm
Material Mauterial Ry Specific machining forces ki

number (N/mm?) Ketg 1—m, ket 1—my kpta 1—my

St 50-2 10050 559 1459 071 351 030 174 0.51
St 70-2 10070 £24 1595 068 228 —0.07 152 0.10
Ck45N L1191 N 657 1659 0.79 521 051 309 0.60
Ckd5V L1191V 765 1584 074 364 027 282 0.57
40MrdV L1157V 755 1681 078 350 031 244 0.55
3TMnSisv 15122 V BOZ 1656 0.79 239 031 249 0.67
I18CrNiBBG 1.5920 BG 618 1511 0.80 318 027 242 0.46
HCNIMoaY L6382 V 1010 1686 082 21 037 284 0.72
HCHY L7035V 961 1596 077 191 027 215 0.52
16MeCrSN L7131 N 500 1411 070 40k 037 312 0.50
20MaCeSN L7147 N 588 1464 0.74 356 0.24 300 0.58
42CModV 17225V 1138 1773 0.83 354 043 252 0.49
S3NICMaVeV L2713V 1141 1585 071 269 021 198 0.34
100Cs 1.2067 624 1726 072 318 014 362 047
GG30 JL1050 HR =206 BOO 0.59 170 .09 164 0.30

Fig. 3 Values of theds, ki1, k1.1, M, mp, m parameters for some materials [24]

2.3 Improvement to the accuracy of the calculation of the basic equation of the specific
cutting force

It is accepted that the specific cutting force o only a function of an undeformed chip
thickness, but it is a function of a variety of gaeters (workpiece properties, cutting speed,
rake angle, cutting environment, cutting tool westc.) [14][16][24][25]. If only the basic
formulas of the specific cutting forces are appliedhe calculation of cutting forces, it is
expected that there will be a poor concordancé®ptedicted values with real values. As per
the mentioned references, it is possible to impitbeeaccuracy of the calculation of the basic
equation of the specific cutting force via the iempkntation of a variety of correction factors,
see equation (7).

kc = kcll Dh_mb |:IKy |:[KVC |:IKTW |:[KCTM |:IKWM |:[KCEn (7)

In the catalogues provided by the manufacturersutting tools [32][33] as well as in the
technical literature [14][24][25] we can find thelk mc parameters. These parameters were
acquired via the process of longitudinal turninghva new cutting tool insert with a specified
rake angle, without the use of cutting fluid, owarkpiece material with a specified hardness
HB or a specified tensile strength (see Fig. 3)mlost cases, there are no values for the
cutting speeds, nor a definition for the materiéltloe cutting tool insert used for the
experiments. Thus it follows that, when using tlaameters from the catalogues, we can
work with the basic equation of the specific cugtiorce improved by the correction factor of
the rake angle - K correction factor of the tool wear —l§ correction factor of the
workpiece material — ¥, and correction factor of the cutting environm@rging a specific
type of a cutting fluid or dry machining) <K, see equation (8).

kc = kc:l.l Em_m: DKV |:H<TW |:IKWM |:H<CEn (8)



Correction factor of therake angle

The rake angle has the greatest impact on the fgpeaitting force from the geometric
characteristics. The impact of the rake anglelsted to the primary deformation zone of the
cutting process. The more positive the rake arigke smaller the primary deformation zone.
Thus the lower the specific cutting force, see Biffl6].

Fig. 4 Dependency of the rake angle on: a) the changleeoptimary deformation zone; b) the change
of the specific cutting force [XX]

As per the references [14][18][32], the equationtfe correction factor of the rake angle is
based on the fact that a change of the rake aridlé, @hanges the specific cutting force by
1.5%, see equation (9).

VoV _
K, —PW =1-0015{), ~ Vsc) ©)

In the previous equation there are two rake angles:
» the rake anglep: the rake angle of the cutting tool which was emgptl for the
experiment from which the:k: and m parameters were acquired,
» the actual rake anglgct the rake angle of the cutting tool for which theting force
is calculated.
As it follows from the equation (9) as well as frahe Fig. 4, the more positive the rake
angle, the lower the specific cutting force.
As a matter of an additional information, if we waa calculate cutting forces for drilling
with a twist drill, we need to calculate the rakegle of the twist drill at the point of
application of the force. This is because the rakgle changes along the cutting edge, see

Fig. 5.
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Fig. 5 Rake angle in different positions of the cuttingesdf a twist drill [31]



Correction factor of the tool wear

It has been proven that tool wear has a considerafpact on the power or cutting force
[14][16][24][25]. The impact of tool wear is alselated to the primary deformation zone of
the cutting process. The greater the tool wearhtpleer the value of the cutting edge radius.
Thus the greater the primary deformation zone, tluiedneed for a higher specific cutting
force.
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Fig. 6 a) Dependency of the cutting edge radius on the pyrdaformation zone, b) Dependency of
the specific cutting force on tool wear [16]

The k1.1, m; parameters are acquired by using a cutting totht winew cutting tool insert.
Thus the correction factor for the tool wear, afrk1. As per the references [14][23][24], the
correction factors for the tool wear range from th3.5. This means that if the cutting tool
insert is worn, the specific cutting force can h@ oange that is 30% to 50% higher, than the
cutting force acquired for a new cutting insert.

Correction factor of the workpiece material

The k1.1, mc parameters are acquired for a workpiece mateiihl avspecified hardness HB
or a specified tensile strength. For each workpiewaderial, in addition to thecki, me
parameters, a value of hardness and/or tensilegstrés usually available from catalogues or
technical literature. If we want to calculate auftiforces for the same type of workpiece
material, as it is specified in a catalogue, butdifferent hardness or tensile strength than in
the catalogue, it is necessary to use the corretictor for the workpiece material wi.

As per the references [16][18][22], the correctiactor of the workpiece material for steels is
defined by the ratio between the tensile strengétified in the catalogue and tensile strength
for which we calculate the specific cutting forseg equation (10). The exponent n, located in
the same equation, is in a range of 0.4 to 0.7.cbneection factor of the workpiece material
for cast irons is defined by the ratio between llaedness specified in the catalogue and
hardness for which we calculate the specific cgtforce, see equation (11). The exponentr,
located in the same equation, is in a range ofd(B7.

Kiwm = [%J (10)

_(HB,)
Kwm = HB, (11)




Correction factor of the cutting environment

The use of a coolant also has an appreciable ingratite specific cutting force. As per the
references [16][24], the specific cutting force nieey5 — 15 % lower, when using a coolant in
comparison to cutting without a coolant (dry maahg). The magnitude of the impact
depends on the composition and the properties ef cdbolant. Because the kcl.l, mc
parameters were acquired from dry machining, theection factor for dry machining is
Kcer=1. When using a coolant, we can use the corre&icior Kcen=0.9.

3. Softwar e application proposal

The primary aim of this article is to propose awafe application that will be able to predict
the cutting force effects. Thus the reason thatalysed the modelling method for the cutting
force effects, described in chapter 2. Howeves ihionly the first step. The final version of
the application will be able to evaluate the cgftprocess from three perspectives, and not
exclusively from the perspective of the cuttingceffects. The three perspectives are:

« cutting force effects,

* economic,

* productivity.
From the perspective of the cutting force effefrtsm knowing the cutting force Fc, we can
also predict a specific cutting energy and cutpogver/torque. The specific cutting energy is
an important parameter for companies due to itscefbn the final price for a product. The
cutting power/torque is important to know in order predict the spindle load. These
calculated parameters can be shown in charactasristithe selected machine tool, see Fig. 7.
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Fig. 7 Characteristics of a selected machine tool: a) targqharacteristic, b) power characteristic

From the perspective of productivity, it is impartéao remove the greatest amount of material
in the shortest period of time, yet achieve the esamn better quality of surface for the
workpiece. Thus the parameters that will be catedldy the application are:

* material removal rate (MRR) — the volume of mateeanoved per minute,

* machine time — the time that a machine is actyaibgessing an item,

* secondary machine times.
The final perspective is an evaluation of how ecoieothe cutting process will be. The
parameters that will be calculated by the softveamelication from this perspective are:

* price per operation,

* price per hour.
In Fig. 8 you can see a basic scheme of the prdpagglication.
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Fig. 8 Basic scheme for the proposed software applicd@pn

As per the figure above, the input parameters estiftware applications are:

» a machine tool characterised by its parameters $glected from database of machine
tools),

* a cutting tool characterised by its parameterss(gelected from database of cutting
tools),

» a workpiece material characterised by its hardmestensile strength (it is selected
from database of workpiece materials),

» strategy and working conditions.

For now, with regard to the strategy for millingpete are three strategies from which to
choose: full immersion, face milling (symmetricasymmetrical) and shouldering, see Fig. 9.

b)

—

Fig. 9 Milling by milling headsa) full immersion, b) face milling, c) shoulderifgy]

With regard to the strategy for turning and againrfow, there are two strategies from which
to choose: longitudinal turning, grooving/parting see Fig. 10.

a)

Fig. 10 a) Longitudinal turning, b) Grooving/Parting off §



In the Fig. 11 you can see a main window of theppsed software application for milling
created in Matlab.
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Fig. 11 Main window of the proposed software applicationrfilling

In Fig. 12you can see a main window of the proposed softappéication for drilling created
in Matlab.

B Calculator: Drilling B =
— Input par; — Output parameter:
— Machine tool - spindle-
T .  Ear Cuttingforce: Fc= | 51945 N
Cutting power: P = 346 KW
— Cutting tool Torque: Mk= [ 2078 Nm
Twist drill, D=16mm, Z=2 |T Specific cutting force: ke = | 2201.06 N/mm2
Chip thickness: h= 0.1386 mm
— Workpiece material Material removal rate: MRR = 944 cm3/min
BIN £45 [ Consumed energy: Ep =| 06114 KWhidm3

— Strategy and conditions- | = e -
orque characteristic Power charac :
Drilling without pre-driling Edit ] Grid
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Fig. 12 Main window of the proposed software applicationdrilling



4. Summary and conclusion

In order to evaluate the cutting process from tleespective of cutting force effects,
productivity and economics, | have decided to eeatsoftware application. The essential
requirements for the software application are tpeed of calculation for the output
parameters, universality and simplicity. In thisce, | exclusively focus on the perspective
of the cutting force effects. The main output ie tutting force, which is why it is necessary
to focus on its prediction.

In order to fulfil the requirements mentioned abovehose a modelling method of cutting
force effects based on a specific cutting forceisThethod is described in chapter 2. The
main advantage of this method is the fact thatspheific cutting force is calculated by using
the workpiece parameters «{k, m¢) which are specified in catalogues provided by
manufacturers of cutting tools, as well as in aetgrof technical literature. Thus it is not
necessary to perform a variety of expensive expais) in order to discover the workpiece
constants, as it is for alternative methods (mauglthe geometric ratios of cutting tool
engagement, cutting process modelling based onreaipdata, etc.).

The basic formula for a specific cutting force efided as a function of an undeformed chip
thickness, see equations (4), (5), (6). This bamimula may be improved by implementing
correction factors. The workpiece parameters werpliged via the process of longitudinal
turning, with a new cutting tool insert with a spiec rake angle, without the use of cutting
fluid, on a workpiece material with a specified drass (or a specified tensile strength). Thus
it is possible to improve the basic formula by ierpknting the correction factors for the
workpiece material, rake angle, tool wear and egténvironment.

As per the software application proposal, thredietogies will be implemented: milling,
turning and drilling. The calculation of the cugiforce effects will be based on the already
described method. As for the input parameters,ethvatl be databases of machine tools,
cutting tools and workpiece materials from whichwitl be possible to select the required
items, for the proposed machining operation. Astfa output parameters, there are three
types of outputs: cutting force effects, produt¢yhvand economy. From knowing the cutting
force Fc, we can predict the specific cutting egesigd power/torque. The specific cutting
energy is an important parameter, since it hasmgact on the final price for a product. The
cutting power/torque is the parameter via whichgpimdle load may be predicted. From the
perspective of productivity, it is important to kmahe material removal rate, machine time
and secondary machine times. This is because thkeaedemand to remove the greatest
amount of material in the shortest period of tipet achieve the same or better quality of
surface finish, for the workpiece. As for the fiparspective, the economic perspective, there
will be two prices: a price for an operation angri@e per hour.

Terminology

b width of cut (mm)
h chip thickness (mm)
HB: hardness of the cast iron for which the cuttingéas calculated (HB)
HB2 hardness of the cast iron of the workpiece mdtoen the catalogue (HB)
Fc cutting force (N)

Fr feed force (N)
Fp  passive force (N)

k.  specific cutting force (N.mm?)
ki specific feed force (N.mnm?)
ko  specific passive force (N.mm?)

ke1.1 specific cutting force, b=h=1mm (N.mn72)



ki specific feed force, b=h=1mm (N.mnT?)

ko1.1 specific passive force, b=h=1mm (N.mn?)
Ky correction factor of the rake angle (1)
Kve correction factor of the cutting speed (1)
Krw correction factor of the tool wear (1)
Kcrm correction factor of the cutting tool material (1)
Kwwm correction factor of the workpiece material (1)
Kcen correction factor of the cutting environment (1)
m. exponent of the specific cutting force (1)
m¢  exponent of the specific feed force (1)
my, exponent of the passive force (1)
Rm1 tensile strength of the steel for which the cugtfiorce is calculated (MPa)
Rm2 tensile strength of the steel of the workpieceemal from the catalogue (MPa)
Yo rake angle of the cutting tool which was emploj@dhe experiment from

which the ki1 and m parameters were acquired ®)
Yact rake angle of the cutting tool for which the augtiforce is calculated °)
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