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Abstract. For a tool equipped with a circular cutting insert, a dependence is proposed for calculating
the nominal area of the contact area on the back surface. It is proved that the actual area of the contact
area of the tool differs significantly from the nominal one due to the presence of a system of micro-
irregularities, which makes a difference in the assessment of machining process parameters. Using the
example of a tool equipped with a circular cutting insert made of polycrystalline cubic boron nitride
ciborite, an approach to determining the actual contact area of the back surface with the workpiece
during finishing turning of hardened steel is considered. The possibility of taking into account the
influence of the system of irregularities in the contact area, determined by the parameters of its
topography, on the size of the actual area is shown, and the ratio of the actual and nominal areas of the
contact areas of the tool is determined, and it is found that, depending on the degree of development of
the microrelief, the ratio of the actual and nominal areas of the contact surface of the cutter differs by at
least 20%. It is shown that the actual contact area is also related to the total length of the main and
auxiliary cutting edges, determined by the maximum values of the main and auxiliary angles in the cutter
plan, and the size of the wear chamfer on the back surface of the cutter.

Keywords: cutting tool; clearance face; Kyborite PCBN; contact area; irregularities; actual contact
area.

1. INTRODUCTION

There are many scientific publications devoted to the determination of contact
stresses on the working areas of cutting tools.For example, [1,2] provides a general
methodology for determining contact stresses on tool working areas, and [3] adjusts
this approach to the case of using tools made of superhard materials when machining
hardened steels.At the same time, when determining the stresses in these works, the
distribution of cutting forces relative to the nominal contact area is considered both
on the rake and clearance surfaces of the tool. It is quite clear that such a
simplification is justified for approximate calculations, but can introduce significant
errors in the case of the presence of a developed system of waves and icronormalities
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on the contact areas of elements of any friction pair, which results in a significant
discrepancy between the value of the actual contact surface area and
the nominal one [4, 5]. The formation of such a system of irregularities on the
working surfaces, and, accordingly, the determination of the actual area of the
contact area, should be considered as a result of wear of the cutting tool [6, 7].

This paper proposes an approach to determining the actual contact area of a
tool, considered on the example of the clearance face of a cutter equipped with a
round cutting insert made of a polycrystalline superhard composite (PCBN)
Kyborite [8], when machining hardened steel.

2. METHODS

The study was carried out when turning hardened steel IIIX-15 with a cutter
with a round insert RNMN 070300 made of Kyborite PCBN. Cutting modes: cutting
speed - 120 m/min, feed - 0.08 mm/rev.

The images were obtained using a BRUKER ContourGT 3D Optical
Microscope. The length of the profile was determined by the KU-A curvimeter using
longitudinal and transverse profilograms with the same scale along the X, Y axes.

3. RESULTS

For a better understanding of the processes of contact between cutting tools and
the workpiece, we use a predictive model, according to which, at the moment the
clearance face of the cutter touches the workpiece, the processed material deforms
on the cutting surface. Gradually, the deformation of the material being processed
changes from elastic to plastic. Being in a deformed state, the material undergoes
plastic shear and turns into chips, and both plastic and elastic deformation occurs on
the clearance surface of the cutter during contact, accompanied by elastic recovery
of the processed workpiece material after it leaves contact with the cutter.

It should be noted that the actual contact area of a sharp cutter in the plastic
contact areas depends on the set of irregularities formed during tool manufacturing
and is larger than their nominal area. The areas of elastic contact are smaller than
their nominal area.

To find the nominal contact area of a tool equipped with a round cutting insert
with the workpiece surface, the contact diagram shown in Fig. 1. For a simplified
view of the contact surface, the part of the contact surface formed by the cutting edge
with a radius of curvature is not shown.

Assuming that the radius of curvature of the cutting edge and the back angle of
the cutter are the same along the entire working length of the cutting edge, we assume
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that the contact surface will be limited to the ABDC shape, which is a truncated cone
with a generic OO; and an angle a.. However, such a solution introduces some errors,
since the radius of curvature and the contact length of the elastically restored part of
the deformed material are comparable values. So, let's imagine the area of this
surface as a rectangle, which is a scan of the surface of a truncated cone with a part
of a circle with a radius r equal to the radius of the top of the cutting tool and a
rectangular scan of a part of a toroidal surface with a large outer radius r equal to the
radius of the top of the cutting tool and an end radius p equal to the radius of
curvature of the cutting edge.

In fact, such a shape is similar to a trapezoid, but in real conditions, due to the
small values of the clearance angle, this distinction can be neglected by aligning the
bases of the trapezoid and considering them equal to the total length of the cutting
edges.

Then the contact area is defined as:

A, =h (b+b). )

Figure 1 — Diagram for determining the contact area of the clearance face of a cutter with a
radius at the tip with the machined surface

To calculate the nominal contact area of a cutting tool with a radius at the tip
with the machined surface, the diagram shown in Fig. 2. According to it, we have:
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Figure 2 — Diagram for calculating the nominal contact area of a cutting tool with a radius at
the tip with the surface to be machined
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After substituting into equation (6) the values of the length of contact between
the back surface and the machined surface from equation (5), the value of the elastic
recovery height from equation (2) and the total length of the cutting edges from
equation (1), we obtain the equation for calculating the nominal contact area of a
sharp cutter with a radius at the apex:

A =p arccos{0,5+ij+0,4(£j . 7)

(o o7 Sina

-r arccos(l— t ]+arcsini{8+0,4p(l—iﬂ
rcosy 2r o

During the prewear period of the tool, when the sharp edge of the cutter plunges
into the workpiece, an active interaction with the workpiece occurs, accompanied by
micro-crushing of particles from the tool composite, wear of the tool along the rake
and clearance surfaces, which leads to an increase in the radius of curvature of the
cutting edge, an increase in the contact surface and a more even distribution of
thermobaric loads on the working part of the cutter, which creates the prerequisites
for the transition to the period of steady-state wear.

A typical example of a worn back surface of a tool is shown in Fig. 3 [9]. It
should be noted that the contact surfaces have characteristic furrows, grooves, and
protrusions located in the direction of the common cutting feed — speed vector [9—
11].

Fig. 4 shows optical-electronic images of the worn area on the clearance surface
of a tool equipped with a round cutting insert made of Kyborite PCBN after turning
ShKh-15 steel. Although the geometrical parameters of the cutting parts of the
BZN6000 cutters shown in Fig. 3 and the RNMN 070300 Kiborite PCBN insert
shown in Fig. 4 differ significantly, the topography of the worn surface has a similar
appearance with rounding of the cutting grooves characteristic of PCBN and
breakouts of crystallite blocks from the superhard tool material. Such images and the
resulting profilograms by coordinates allow us to quantify the depth of depressions
and the height of protrusions relative to the nominal position of the cutting edges [7].
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Figure 3 — Contact surfaces of a tool made of BZN6000 PCBN when turning hardened steel

Digital processing of the obtained images makes it possible to determine the
line of protrusions and depressions on the worn surface of the tool. The 3D image
and quantitative values of the heights of the protrusions and the depths of the
depressions shown in Fig. 3, b, clearly demonstrate the contour of the worn area on
the clearance surface of the insert and show that the actual contact area of the cutter
with the workpiece is much larger than the nominal one.
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Figure 4 — 3D image of the wear area on the cutter surface (a) and 3D image of the wear
area on the clearance face (b) of a PCNB cutter after machining IIIX15 steel, pointed to the
straightened cutting edge

This circumstance should be taken into account when determining contact
loads on the clearance face of the tool and calculating the components of the cutting
force. Consider the profilograms obtained at different areas of contact between the
worn clearance surface of the tool and the machined surface of part (Fig. 5).

The X-axis scanning direction is along the tool's straightened cutting edge, and
the Y-axis scanning direction is along the cutting speed vector, i.e., the width of the
wear chamfer. The profilograms show both the height of the depressions and the
depth of the profile depressions on the worn surface and the frequency of their
formation, which correlates well with the transverse feed rate of the workpiece
during machining.
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Figure 5 — Topogram of the contact surface (a, b), profilograms of irregularities in the
directions of X (c, d), Y (e, f) by coordinates: Y = 105.3 um (direction 1) (c),
Y =102.4 pm (d), X =199.0 um (direction 2) (), X = 87.9 um (f)
(a,c,e—areal;b,d, f-area?2)

The profilograms also show the maximum values of microroughness Z and the
angles of inclination of the profile irregularities. Fig. 5 shows the tribograms and
profiles (according to directions 1, 2) of the worn surface.

Analysis of the obtained data on the profile of the worn surface allows us to
establish the ratio of the profile length to its projections in different parts of the worn
surface.

Depending on the coordinate, the measured data characterize the profile of the
worn surface both in the areas of plastic and elastic contact with the treated surface.
The obtained data on the actual and nominal lengths and their ratio are summarized
in Table 1.

Analyzing the difference in the actual bump profile along the wear zone along
the cutting edge, we observe a longer bump length near the area where the main
cutting edge cuts into the allowance material. The actual length of the profile in this
direction is on average 1.37 times longer than the nominal length.

The difference between the lengths of the actual and nominal (100 um) profiles
in the direction from the front surface to the wear boundary in the same area is on
average 1.62 times. The average deviations from the nominal length of the profile
from the cutting edge to the wear boundary are 1.29 times. That is, a more developed
wear surface is observed in the direction along the cutting edge.

Having obtained such data on the values of the profile lengths in each direction
of the defined sections and on the segments by coordinates, we can find the integral
values of the actual contact areas on each segment of the measured profile of the
wear surface irregularities by solving the defined integral of the form:
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Lx Ly;

Agiy = [ [dixdly. ®)
Lo Ly
Table 1 — Absolute and relative values of the profile length on individual sections of the
wear surface

Ne Coordinate Y Site, um Lx, pm X, um Lx/X
1 28-100 95 72 1,32
2 105,3 100-200 125 100 1,25
3 200-315 130 115 1,13
213 28-315 350 287 1,22
4 0-100 143 100 1,43
5 102,4 100-200 110 100 1,10
6 200-315 150 115 1,30
46 0-315 403 315 1,28
Coordinate X Site, um Ly, um Y, um Lv/Y

7 0-50 97 50 1,94
8 50-100 65 50 1,30
9 199,0 100-150 55 50 1,10
10 150-200 55 50 1,10
11 200-237 40 37 1,08
Y71 0-237 312 237 1,32
12 0-50 65 50 1,30
13 50-100 65 50 1,30
14 87,9 100-150 65 50 1,30
15 150-200 66 50 1,32
16 200-237 40 37 1,08
21216 0-237 301 237 1,27

Similarly, the nominal rear surface on the same coordinate segments can be
calculated by solving the integral:
X Y
Ay = [ [dxdy. ©

Xo Yo
The obtained numerical values of the actual and nominal areas of the worn
clearance face of the cutting tool calculated by formulas (8) and (9), respectively,
and their relative values are summarized in Table 2.
Analyzing the data obtained, it should be noted that on the worn part of the tool
with a round Kyborite PCBN cutting insert, the largest difference in the actual
contact area with the machined surface compared to the nominal one is observed in
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the zone of greatest wear, which is closest to the front surface, at a distance of ~ 100
pm.

Averaging the data obtained over the total length of the worn profile from the
front surface to the boundary of the wear zone, the actual contact area exceeds the
nominal one by 1.6 times.

To find the actual contact area along the entire contour of the wear zone, which
can be represented as a curved triangle, let's try to solve the defined integral, in which
the length of the profile in the direction of the cutting edge is indicated as the average
value of the actual length Lx = 376.5 um over the entire area from 0 to 315 pm, and
Ly =306.5 um over the area from 0 to 237 um.

Table 2 — Absolute and relative values of actual and nominal areas in individual sections of
the wear surface profile

Site, um y y
. D, H,

No Coordinates X v um? um? Aol An
1 28-100 0-100 9215 3600 2,56
2 _ 100-200 100-200 8125 5000 1,63
3 i(( ; iggg?g 200-315 200-237 7150 5750 1,24
4 ' 28-315 0-237 109200 68019 1,61
5 0-100 0-100 9295 5000 1,86
6 X = 87873 100-200 100-200 7150 5000 1,43
7 % :_102' 380 200-315 200-237 9750 5750 1,70
8 ' 0-315 0-237 121303 74655 1,62

In general, the integral equation is as follows:
L% Ly
AtDLxLy = J. J.O'Sd LXdLy ) (10)
Lx Lyo

According to the calculation, the actual area of the contact area is AoLxy =
0.058 mm?, the nominal area is Auwxy = 0.037 mm2,

4. CONCLUSIONS

As aresult of the measurements and calculations, it was found that the presence
of grooves on the worn rear surface of a tool equipped with a round Kyborite PCBN
cutting insert when turning hardened steel ShKh—15 leads to an increase in the actual
area of the contact area with the workpiece by 1.57 times compared to its nominal
area.
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However, it is necessary to take into account the fact that the projection of the
worn part of the cutter will not always have a shape close to a triangle, and to carry
out calculations in accordance with the actual wear contours.

Comparing the obtained ratios and taking them into account the increase in the
length of the actual contours in the Y direction equal to 1.6, it can be argued that the
data obtained in [7] on the ratio of the actual and nominal areas of the cutter wear
surface have values that are at least 20% lower.

The obtained quantitative results reflect exclusively the ratio of contact
surfaces as a result of the interaction of the tool material PCBN Kyborite with the
machined hardened steel ShKh-15, but the described methodology for estimating
the actual area of the worn area can be applied to other superhard polycrystals with
a similar wear pattern. At the same time, for a more reasonable conclusion about the
contact area, in addition to the surface profilogram of the plastic part of the contact,
it is necessary to consider several profilograms of the surface of the elastic part, due
to the fact that the height of micronorhomogeneities along this area decreases to its
level on the unworn surface.

Given the use of a round insert, depending on the complexity of the workpiece
profile, the actual wear area is determined not only by the total length of the main
and auxiliary cutting edges, determined by the maximum values of the main and
auxiliary angles in the cutter plan, but also by the size of the wear chamfer on the
clearance face of the cutter and the degree of development of the microrelief of the
contact area on the worn surface of the cutter.
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Onekcanap Manosuubkuii, Cepriii Kitumenko, Cepriii Knumenko, Mapuna
Koneiikina, Kuis, Ykpaina

®AKTUYHA IUIOIMA KOHTAKTHOI JIITHKA HA 3HOIIEHIA
3ATHIMA TOBEPXHI PI3IIS 3 KPYTJIOKO PI3AJIbHOIO IVIACTHHOIO
KNBOPUTY

AHoTauis.  /[na iHcmpymenmy, OCHaweHo2o0 Kpyeroi pi3anibHoi NIACMUHOI, 3ANPONOHOBAHA
3ANENHCHICMb OISl PO3PAXYHKY HOMIHAILHOL NIOWI KOHMAKMHOT OLISAHKY NO 3A0Hil nosepxHi. [loeedeHo,
Wo paxmuyna nIowa KOHMAKMHOI OLISHKU IHCIMPYMEHMY CYMMEBO GIOPI3HACMbCS 610 HOMIHALHOL 3
DAXYHOK HAABHOCMI cucmemu MIKpoHepisHOCcmell, Wo 6HOCUMb NOMUIKY NIO Yadc OYIHKU NOKA3HUKIE
npoyecy o0pooku. Ha npuxnadi incmpymenmy, OCHAWEHO20 Kpy2noio pi3aibHOI0 NAACHMUHONW 13
nonikpucmaniuno2o Ky6iunozo nimpudy 6opy (IIKHB) kubopim, posensnymo nioxio 00 6usHaueHHs
Gaxmuunoi naowyi KOHMAKmMy 3a0HbOI NOGEPXHI IHCMPYMEHmY 3 00poOII08aHOl) O0emainio i3
3aeapmosanoi cmani nio wac Yucmoeo2o moyinus. Ilokasana MoOICIUBICHb 6PAXYBAHHA BNIUBY CUCTIEMU
HepieHOCmell Ha KOHMAKMHIN OLISIHYL IHCMPYMEHmY, U3HaueHol 3a napamempamu ii monozpagii, na
PO3MIp  (paKmuuHOI NAOWUHU MA GUSHAYEHO CRIGGIOHOWEHHS. (YAKMUYHOI ma HOMIHATLHOI Niow
KOHMAKMHUX OiIAHOK iHCMpymMenmy. Bcmanoeneno, wjo 6 sanescHocmi 6i0 cniyneHio po3euHeHOCMi
MIKpOpenvedy cniegionouleHHss Gakmuynol [ HOMIHANbHOI NAOW KOHMAKMHOI NOGEPXHI  pi3ys
siopizHsiomocs, ujonaumenue, na 60%. Ompumani Kinokicni pezyrvmamu 8i000paNCAIOMb GUKIOUHO
CNi6BIOHOWIEHHS. KOHMAKMHUX NOGEPXOHb 6 Pe3yabmami 63aeMooii incmpymenmy, ochaujeno2o IIKHB
Kkubopim, 3 o0bpobdmosanolo demanno i3 3azapmosaroi cmani LLX-15, ane onucana memoouxa
BU3HAYEHHS (PAKMUYHOL NAOWI 3HOWEHOI OUISAHKY MOJice 6Ymu 3aCmoco8ana i Ois iHCMpYyMeHmie 3
IHWMUMU  KOMNO3UMAMU 3 AHANORIYHOIO KAPMUHOW 3HOULY6aHHs. B moii owce uac, Ons Ginbu
06IPYHMOBAHO20 BUCHOBKY NPO NIOWY KOHMAKMHUX OLIAHOK [HCMpPYMeHmy, KpiM npoginozpamu
nogepxui NIACMUYHOI Yacmuny KOHMAKMy, HeoOXiOno po3ensdamu OeKilbKa npo@inozpam noeepxmi
NpYJUCcHOT yacmuny OLIAHKY KOHMAKMY, V 36'513KY 3 MUM, WO 8UCOmMa MiKponepisHocmeti Ha yiil OiiAnyi
3MeHuyemvcs 00 il pieHs Ha He3nowleHil nosepxui. Hasedeno, wo gaxmuuna niowa KOHMAKmMHo!
OLIANKY NOB A3AHA MAKOJIC I3 3a2ANbHOI0 CYMAPHOIO O08ICUHOIO 20JI06HUX | OONOMIJICHUX PI3ATbHUX
KDOMOK, GUSHAYEHUX MAKCUMATbHUMU 3HAYEHHAMU 20J06HO20 MA OONOMIJICHO20 KYmig y naami
IHCMpYMeHmY, a MaKoX*C 8eIUHUHOI0 PACKU 11020 3HOCY NO 3AOHIll HOBEPXHI.

KurouoBi cioBa: pisanvnuil incmpymenm; 3a0Ha nosepxus;, kubopum [IKHB; konmaxmua Oinsiuka;
HepigHOCMI;, (paKmuuna nIowa KOHMaxKmy.
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