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Abstract. The paper proves that the development of regulations for the operation of cutting tools on
heavy machine tools, the formation of objective functions for optimising the parameters of machining
parts should be carried out based on a given level of reliability of the cutting tool. In this case, a large
number of indicators are used to determine the tool's reliability, durability and maintainability separately.
Based on statistical and theoretical studies of the probabilistic nature of the properties of the cutting tool
and the parameter of load distribution on it, quantitative dependencies between the parameters of the
scattering of properties and the thickness of the tool plate of a prefabricated tool were obtained. The
stochastic nature of the machining process on heavy machine tools causes a large dispersion of the
properties of the machined and tool materials and other machining parameters. This leads to the need
for a probabilistic approach to determining the design and technological parameters of the cutting tool.
The reliability of a prefabricated cutter depends on both its load and the bearing capacity of the tool
structure, which is the ultimate stress that characterises the strength of the structure. Using a
probabilistic approach to calculating the thickness of the cutting plate of the cutters, a correction factor
for the thickness was determined taking into account the level of reliability of the tool. The level of
reliability was understood as the probability that the maximum stress arising under the action of the load
will not exceed the bearing capacity. Typical structures that are most commonly used at modern heavy
engineering enterprises were investigated. The law of distribution of cutting forces was determined on
the basis of statistical data on the operation of carbide cutters. The thickness of the cutting element was
calculated for the Rayleigh load distribution law, determined on the basis of statistical data on cutting
forces during turning for different cutter designs. The distribution of the bearing capacity of the tool
material of the tool inserts was determined on the basis of laboratory tests.

Keywords: cutting tool; reliability; failure probability; load-bearing capacity; cutting insert; cutting
force.

1. INTRODUCTION

Increasing the level of automation of existing metal-cutting equipment
requires special attention to the stability of workpiece processing and the reduction
of machine downtime, including that caused by cutting tool failures. This is
especially important for heavy-duty CNC machines, the cost of which is very high
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[1-2]. Therefore, the problem of increasing the reliability of cutting tools for heavy
machine tools has become particularly relevant [3]. The process of cutting tool

operation is a complex technological system, and a number of indicators are used to
assess its reliability [4—6]. The cutting tool is an integral part (the most vulnerable
element) of the technological system of machining. The level of reliability of the
technological system of turning cutters for heavy machine tools and its maintenance
process is determined to a greater or lesser extent by all indicators of the reliability
of the tool operation process.

Assessing the reliability of prefabricated turning cutters for heavy machine
tools is essential not only at the stage of their operation but also at the stage of their
design [7]. The development of regulations for the operation of cutting tools on
heavy machine tools, the formation of objective functions for optimising the
parameters of machining parts should be carried out based on a given level of
reliability of the cutting tool. In this case, a large number of indicators are used to
determine the reliability, durability and maintainability of the tool separately. The
distribution of the tool life characterises the reliability of the cutting blade and does
not allow solving the problem of ensuring reliable operation of the tool, including
other structural elements of the prefabricated cutter. The availability factor can serve
as a comprehensive indicator of the reliability of a prefabricated tool as a system [4].

The reliability of a prefabricated cutter depends on both its load and the
bearing capacity of the tool structure, which is the ultimate stress that characterises
the strength of the structure. If the reliability of a prefabricated tool is less than its
rational level, it is necessary to change its structural elements, for example, the
thickness of the cutting insert, which mainly determines the strength of the tool [8-
10]. A design calculation method is often used, according to which the required
reliability is incorporated into the designed structure in advance.

2. APPLIED METHODS

Testing of cutting tools in both laboratory and production environments
demonstrates the stochastic nature of the cutting forces that occur during workpiece
processing, as well as the random variation of the cutting tool properties themselves.
To take into account the probabilistic nature of tool operation, information on the
distribution laws of both tool loads and tool bearing capacity is required.

For elastic systems, within which a prefabricated cutter is considered, the
dependence of the maximum stresses S on the load q in general form is

S =Kcq,

where K¢ —is a coefficient that depends on the dimensions of the tool's
cross-sections.
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The level of reliability is defined as the probability that the maximum stress
arising from the load will not exceed the bearing capacity:

H=P(R>S),

where H - reliability level, P - event probability, R - load-bearing
capacity, S - effective maximum voltage.
If the law of distribution of cutting forces is known, then using the rules
for finding the law of distribution of functions of a random argument, it is possible
to find the law of distribution of maximum stresses acting in the cutter structure

6. 1,6)= f{%}

The law of distribution of cutting forces is determined on the basis of
statistical data on the operation of carbide cutters (Fig. 1), which does not negate
Rayleigh's law.

The reliability or probability of failure-free operation can be determined:

H :jj; fz(R{];fl(S)dS}dR 1)
’ H =_]1 fl(s)ﬁf f 2(R)olR}ds @)

Substituting the known f1(S) and f2(R) in (1) or (2), integrating with the
given level of reliability Hgiv, we obtain the expression for determining the Kc:
Kc=o¢ (a1, az...., an, Hgi),

where a1, az..., an —parameters of the load distribution laws and load-
bearing capacity are known in advance. Knowing the K, it is possible to find the
cross-sectional dimensions of a toolholder or cutting insert.

When turning parts, a large number of random factors are observed to act
on them, subject to different distribution laws. It was found that the load is
distributed according to Rayleigh's law

£
fa(q)=§e iy )

where a, q are the parameters of the Rayleigh distribution law, and the
carrying capacity according to the normal law
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Figure 1 Distribution of the cutting force component P; during turning on heavy-
duty lathes: a - with Dmax = 2500 mm, b - with Dmax = 1250 mm.

f(R) =t e[(Rme ®)

V27 R

where mg, or — parameters of the normal distribution law,
In accordance with (1) and (2), the level of reliability of the structure is
determined:

H = Tf3(q)ﬁ fl(S)dS}dR - [ f (RIF.(R)IR @)
Substituting (5) and (6) into (7), we obtain :

aKk2md oq
IR
1 mn% mR

ﬂ'O'é
2K ?m?2 (8)
q
After transformations, this expression becomes the following:

1+
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(oX 2.2
am3| =~ KMy op

mR

1-HP |1+ —L22 |=
(1-H) +2K2m§ °
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With a small variability of or/mg, we obtain the approximate dependence
for determining Kn

m 7z
K=o | .
" 2m\ In(l-H)
(10)

To determine the thickness of the plate for the average values of the
parameters (reliability level 0.5), three-dimensional models of turning cutters were
developed in SolidWorks. We studied the typical schemes of plate fastening, which
are most often used at modern machine-building enterprises (Fig. 2).
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Figure 2 Designs of turning cutters for turning parts on heavy machine tools

The insert thicknesses for the carbide cutters for a reliability level of 0.5
were calculated using the finite element method with the ANSY'S software package.
The cutting forces were taken from a range of the most frequent ones encountered
when machining parts on heavy-duty lathes.

3. RESULTSAND DISCUSSION

Examples of the stresses that arise for calculating the geometric parameters
of the cutting element of a turning cutter at the design stage for given loading
conditions are shown in Figs. 3, 4.
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Figure 3 Distribution of equivalent stresses occurring in a square-shaped cutting
insert
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Figure 3 Distribution of the equivalent stresses that occur in the insert

For the Rayleigh load distribution law, we calculated the thickness of the
cutting insert (Fig. 4) under different types of stresses arising during preliminary
turning of parts on heavy machine tools.

30 T T T T T T

h,Mmm

25

hsr(v) 20
hmin(y)

hmax(y)

— 15

10

H

5 1 1 1 1 1 1
03 0.4 05 0.6 0.7 08 0.9

Figure 4. Dependence of the cutting element thickness on the reliability level H

The probabilistic approach to calculating the thickness of a prefabricated
cutter insert made it possible to determine correction factors for the thickness of the
insert depending on the level of reliability, which take into account the distribution
parameters of both the properties of the cutting tool and its load.
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Figure 5 Fragment of a map for selecting a feed correction factor depending on the
thickness of the insertl - height of the toolholder H = 40 mm, reliability level 0.65; 2 - height
of the toolholder H = 40 mm, reliability level 0.8; 3 - height of the toolholder H = 40 mm,
reliability level 0.9; 4 - height of the toolholder H = 63 mm, reliability level 0.65; 5 - height
of the toolholder H = 63 mm, reliability level 0.8; 6 - height of the toolholder H = 63 mm,
reliability level 0.9

Software and comprehensive standardisation maps for heavy machine tools
were developed and implemented to select tool operation regulations based on the
level of reliability of the operation process, which for the first time take into account
the design of the machine and tool, the level of tool reliability and tool consumption.

4. CONCLUSIONS

For the first time, on the basis of statistical and theoretical studies of the
probabilistic nature of the properties of a cutting tool and the parameter of load
distribution on it, quantitative dependencies between the parameters of scattering
properties and the thickness of the cutting plate of a prefabricated cutter were
obtained. It is proved that ensuring the reliability of a cutting insert of the level 0.8
requires an increase in its thickness by 30% compared to the calculated values for
the average load.
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IMOBIPHICHUM IIJIXIJ 10 PO3PAXYHKY PAIIIOHAJIBHOI
TOBIIAHU PI)KYUOI INIACTUHA ITHCTPYMEHTY JJISI BAXKKHX
BEPCTATIB

AHoTauis. ¥ cmammi 0osedeHo, wjo po3pobka peznamenmis ekcniyamayii pi3aibHux iHCmpymMeHmie Ha
BAJICKUX 8EPCMAMAX, (POPMYBAHHS YINbOBUX (PYHKYIU onmumizayii napamempie 00pobKku Odemaneil
NOBUHHI 30IICHIOBAMUCS BUXO0SYU 13 3A0AH020 PiGHS HAOIUHOCMI pi3anbHO20 iHcmpymenmy. IIpu ybomy
BUKOPUCTOBYEMbCA  BEIUKA  KIIbKICMb  NOKA3HUKIE, W0 GU3HAYAIONb OKpemo 0e38ioMo8HicHb,
006208iuHicMb Mma pemonmonpudamuicms incmpymenmy. Ha ocnogi cmamucmuunux i meopemuynux
oocnidoicenb  IMOGIpHICHO20 Xapaxmepy G1acmueocmell pisanbHo20 iHcmpymenmy i napamempa
PO3NOOLNY HABAHMANCEHHS HA HHO2O OMPUMAHI KIbKICHI 3A1€HCHOCI MIXC NAPaAMempamu po3Cito8aHHs
eracmugocmeti i MOGUWUHOIO THCIMPYMEHMAanbHoi naacmuny 30ipnoeo incmpymenny. Cmoxacmuunul
Xapakmep npoyecy 00pOOKU Ha BAJCKUX 6EPCMAMAX 3YMOGNIOE GeUKUL PO3KUO Glacmugocmel
00pO6NIOBAHUX | IHCMPYMEHMANLHUX Mamepianié ma iHwux napamempie 06pooxu. Lle npuzeooums 0o
HeoOXIOHOCMI  IMOBIPHICHO20 NIOX00Y 00 BUHAYEHHA KOHCMPYKMUBHO-MEXHONOTUHUX NApAMempis
pizanvHoeo incmpymenmy. Hadiiinicms pob6omu 36ipHo20 pisys 3anexcums K 6i0 1020 HABAHMANMCEHHS,
maxk i 8i0 Hecyuoi 30amHOCMI KOHCMPYKYII [HCMPYMEHMY, SKA € SPAHUYHUM HANPYHCEHHAM, WO
Xapaxkmepu3zye MiyHicmb KOHCmpYKyii. Bukopucmosyiouu iMosipuichuil nioxio 0o po3paxyHky moeuwuHu
pidicyyoi naacmunu pizys, 6yn10 U3NAYEHO NONPAGOUHUL KOeiyicHm Ha MOBWUHY 3 YPAXYBAHHAM DiGHs
HaoitiHocmi incmpymenmy. 11i0 pignem HaoditiHocmi pO3yMinu UMOBIDHICIb MO20, WO MAKCUMATbHE
Hanpydicents, AKe BUHUKAE Ni0 OI€l0 HABAHMAICEHHA, He Nepesuiyunb MpuManbHOi 30amHoCmi.
Jocnioxcysanuca munogi  KOHCMpYKyii, sAKi  Hauuacmiwe 6UKOPUCIOBYIOMbCA HA  CYYACHUX
NIONPUEMCMBAX 8AXHCKO20 MAWUHOOYOYBAHHA. 3aKOH pO3NOOINY CUN Pi3aHHA BUHAYABCA HA OCHOGI
cmamucmuyHux  0anux npo pobomy meepoocniaenux pisyie.  Toswuna pisxcyuoeo enemenma
PO3paxosysanacs Ois peneiecbko2o 3aKOHy PO3NOOINY HABAHMAIICEHHS, BUIHAYCHO20 HA OCHOGI
CIMAMUCMUYHUX OGHUX NPO CUNU PI3AHHA NPU MOKAPHIT 00pobyi 0N PI3HUX KOHCMPYKYIU pi3yis.
Po3noodin mpumansnoi 30amuocmi iHCMpPYMeHmMAIbHO20 Mamepianry NIACMUH BUSHAYEHO HA OCHOBI
1a6OpamopHux 6UNPoOyeats.

Ku1rouoBi ci1oBa: pizanvruii iHcmpymenm, HaOilHICMb, UMOBIPHICIb 8IOMOBU, MPUMATbHA 30AMHICMb,;
Pi3anvHa nIACmuna, cuna pisamnHs.
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