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CALCULATION OF SHEAR ANGLE WHEN CUTTING
WITH A TOOL OF A NEGATIVE RAKE ANGLE

Abstract. The article considers the results of the study of the cutting process in order to obtain the
calculated dependences of the shear angle oF the physical and mechanical properties of hard-worked
iron-carbon steels and alloys in thermobaric conditions of the cutting process and the value of the
negative rake angle which is a typical tool for processing with polycrystalline superhard materials
(PSHM) cutting tools. When cutting, the formation of chips occurs in the plastic flow of metal in the area
of cutting or fracture with the formation and subsequent development of cracks and the subsequent
separation of elemental or stepped chips. A well-known chip shaping scheme with one plane shift and the
value of the contact area of the front surfaces of the cutting elements with the allowable material to be
removed are used to describe the contact phenomena in the chip forming zone and calculate the shear
angle in this plane. It is established that the inverse relationship between the shear angle and the negative
rake angle of the cutting element indicates that the increase in the negative value of the rake angle leads
to a decrease in the shear angle. The specific elongation and shortening of the processed material at the
cutting temperature are defined by the authors as the characteristics of shear plasticity and selected for
use in the calculation of the values of shear angles during blade processing. As a result of this work, the
calculated dependences of the shear angle values on the physical and mechanical properties of heavy-
duty ferro-carbon steels and alloys in thermobaric conditions of the cutting process and the value of the
negative rake angle, which is characteristic of machining with tools of PSHM equipped.

Keywords: cutting process; rake angle; chip shrinkage; iron-carbon alloys; relative plastic
characteristics; shear angle.

Introduction. In single point cutting with chip removal: milling, turning or
boring, drilling, drawing, etc., the characteristics of both cutting and machining
materials are important, and most importantly — their ratio. In the case of milling or
interrutting turning, there are also impulse loads on the cutting edge. However, the
basis for understanding the process of chip formation, stress-strain state, the load on
the cutting edge in any method of machining are natural processes occurring in the
cutting zone.

Depending on the ductility of the metal during cutting, the formation of chips
occurs in the plastic flow of metal in the zone of cutting or destruction with the
formation and subsequent development of cracks and subsequent separation of
elemental or stepped chips [1, 2].

Known methods for assessing the nature of deformation in the cutting zone can
effectively solve the problem of deformation-stress state, but this is not always
enough to fully disclose the physical nature of phenomena and quantify processes
[3-5].
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One of the main provisions of the science of metal cutting is the dependence of
chip shrinkage on the degree of deformation of the layer of allowance material. Chip
shrinkage is one of the main characteristics that allows to recognize the phenomena
in the cutting zone, to make numerical calculations using this indicator [2].

However, it is well known that measuring the length and width of chips,
weighing them and obtaining the final results of calculations of the actual values of
shrinkage of chips are high complexity, have significant errors and are extremely
inconvenient in practice in research and industrial production.

It is especially difficult to obtain the value of chip shrinkage in the formation
of elemental and articular types of chips, the total length of which is almost
impossible to determine without errors [1].

Using the well-known chip shaping scheme with one plane shift and knowing
the contact area of the front (rake) surfaces of the cutting elements with the allowable
material to be removed, we can describe the contact phenomena in the chip
formation zone and calculate cutting forces [3]. As is known [6], the separation of
the metal occurs in the cutting zone, where it received a final deformation, which is
extreme, and if the tension is equal to the ultimate strength of the compacted metal.

When in contact with the rake surface of the cutter, the stress in the chips will
also reach its limits. The author [7] believes that chips are formed as a result of the
occur and development of cracks in the immediate vicinity of the cutting edge of the
tool.

The aim of this work was to obtain the calculated dependences of the shear
angle values of the physical and mechanical properties of heavy-duty iron-carbon
steels and alloys in thermobaric conditions of the cutting process and the value of
the negative rake angle, which is a typical tool for processing, equipped with
polycrystalline superhard materials (PSHM).

Research methodology. In fig. 1 shows a textured chip root — a micro section of
the chip-forming element, the texture of which depends on the location in the cutting
zone.

The direction of the texture leads to the end of the plane in which the metal is
extremely hardened and subject to shear, which separates the allowance material and
turns it into chips.

The consequence of the contact interaction of the chips with the rake surface of the
cutter is additional heating of the chips due to its friction on the front surface of the cutter
and internal friction and subsequently the texture of softened chips already formed by the
rake surface of the tool and the internal friction of the chips [9].

There are several modern models of the deformation zone during turning, both with
one and with several shear planes, which reflect the process of chip formation as a result
of plastic deformation shear of the allowance material.

Conditionally, according to the limit values of fluidity and strength, ferrocarbon
materials can be divided into highly plastic at 6.(c0.2)/cs = 0,45-0,55; plastic at 6./c, =
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0,55-0,70; o./cs = 0,55-0,70; low-plastic, having a ratio of c./c; = 0,70-0,90 and
brittle, which practically do not correlate with each other [10].

Despite the fact that the model with a developed deformation zone looks more
realistic, analytical studies using models with a displacement in one plane have a
fairly complete view and when using high-speed turning and milling finishes are still
more acceptable. This is especially evident when working with brittle and low-
plastic materials [1].
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Figure 1 — Microgrind of a detachable chip element with the formed texture
and hardness of the chip element [8]

Images of the deformation zone, the corners of the texture of the root chips with

their measured values are shown in fig. 2, which shows a cutter with a zero rake
angle that was used during processing.
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Figure 2 — Image of the boundaries of the deformation zone in the formation of chips
and the angle of the texture when free rectangular cutting of steel 20H; velocity
v =0,7 m/min, slice thickness a = 0,065 mm [2]

Numerous microgrinds that reveal the texture of the shear line that passes to
the chips, as best described in [2]. The sequence of deformation of the allowance and
the formation of the chip element, when processing steel type 20H in the records,
high-speed film camera with a frequency of 1500 frames per second are shown in
fig. 3.

Figure 3 — The sequence of formation of elements of chips and textures
with a frequency of high-speed filming of 1500 frames per second
when processing cold-formed steel type 20G. The thickness of the cut is 0,25 mm

According to these indicators, almost all hardened steels, bleached and high-
alloy cast irons, heat-resistant and similar alloys should be classified as low-plastic
materials.

High-speed turning, shown in fig. 3, orthogonal rectangular free cutting of steel
type 20H with a cutting speed of 40 m/min and a cut thickness of 0,25 mm, allowed
to trace the main sequences of the chip formation process. At the stage of formation
of the chip element in the material to be separated, the texture lines are visible and
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more clearly observed in the individual chip elements. In this case, the direction of
the shift lines is the same. As long as the normal stresses in the elementary volume
of the deformable material are balanced by tangential stresses on the rake surface of
the cutter, movement does not occur, the allowance material is plastically deformed
and applied to the rake surface of the cutter, but not yet separated in the form of
chips. As soon as the compressive stresses reach the strength of the material, the
deformed allowance material is shifted along the shear lines forming a texture,
moved along the rake (front) surface of the cutter and then separated as a chip
element. [10].

As rightly insisted [12], the force of chip formation during cutting initiates
significant compressive stresses and, as a consequence, elastic-plastic deformations
of the metal to be cut, followed by plastic shear.

Consider a modified negative front angle Merchant scheme [1], which
illustrates the relationship between the cutting angle, shear angle and rake angle of
the cutter, as well as the thickness of the cut in orthogonal rectangular cutting, as
shown in fig. 4.

Taking into account the fact that the displaced metal is of constant density and
neglecting lateral deformations across the width of the section, the condition of
continuity can be represented in equal volumes of derived metal before its
deformation and deformed immediately before its shift [13].

L]y

Figure 4 — Scheme for determining the relationship between the shear angle,
the front angle of the cutter, the thickening and shortening of the allowance metal,
which is deformed during chip formation; Aa — thickening of the metal along
the thickness of the cut; Al — shortening of the metal along the length of the cut
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Assuming the constancy and invariance of the cut width and taking into account
the constant density of the metal passing into the chips, we can proceed to the
equality of the planes of quadrilaterals OABC and O;ABC;..

The area of the OABC quadrilateral will be

Somc =a-1 +0,5a-Al. (1)
And the area of the quadrilateral O;ABCiis equal to
SolABc1 = SolABC + SDBC - SDBC1 ’ (2)

The area of a rectangle and triangles together will be equal to:
L 05-Aal -cos(® +y)

S =a-l —0,5a-Al- 3
CA8c1 cos y - cos ®)
After reduction we have
0,51 - Aa - cos(® +
@+7) . @
cosd - cosy
After revealing the sum of angles and transformations, we have
sind - sin
Z =1 (5)
cosd - cosy
or
g =ctgy )
As shown in fig. 3 and 4, subject to continuity will be the following
a Aa
=" 7
= ()

From the resulting equation (6) the obvious inverse relationship between the
shear angle and the negative rake angle of the cutting element indicates that an
increase in the negative value of the front angle leads to a decrease in shear angle,
ie, assuming that the machined material is completely plastic and there is no friction
on the surfaces in contact with the cutting tool, if there was a zero front angle, the
deformation of the section thickness would reach infinity and stresses on the
thickness and length of the section would be equal when assigning the rake angle y
=45°,

However, structural and tool materials are not ideal and have certain properties
that are manifested in their plastic deformation, including milling in high
temperatures.

There are many studies of the characteristics of materials at temperatures close
to the turning temperature results. These data are contained both in the standard
documentation for most steels and alloys (state standards, specifications) and in
numerous references.
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But it is extremely difficult to determine the actual local temperature in the
contact zone during turning, drilling or milling. Heat release is the result of
deformation in the cutting area, as well as the friction of the cutter tooth against the
rear surface and the chips running on the rake surface of the cutting element.

Direct methods of measuring the temperature in the area of the shear zone
estimate the temperature values depending on the temperature of the workpiece,
chips and tool is too inaccurate, because in this case there is a fairly high temperature
gradient. There are modeling methods for determining the temperature in the
deformation zone, based on the similarity theory proposed in [12].

Fig. 5 shows graphical images illustrating the dependence of temperature in the
movement zone and the temperature on the front surface of the cutter depending on
the cutting speed of different tool materials by complex criterion F taking into
account the effect of tool geometry and thermal conductivity ratio of tool and
workpiece material.
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Figure 5 — Dependence of the temperature in the shear plane (a)
and the temperature on the front surface of the cutter (b) on the cutting speed [10]

The study shows that the temperature on the rake surface of the cutting element
varies from 800 to 1200 °C (depending on the tool used) and the shear temperature
at the optimum cutting speed of the tool — from 500 to 700 °C, and for the type of
polycrystalline cubic Boron Nitride (PcBN) cyborite — narrower range from 500 to
550 °C [14].

Taking into account the relationship between longitudinal and transverse
deformations in equation (7), based on the conditions of continuity (scheme in fig.
4), and analyzing the relationship between longitudinal and transverse deformations
when testing the strength of machined materials, we can assume that longitudinal
deformation Al when cutting will be proportional to the relative narrowing 8, and the
deformation in the thickness of the cut Aa is proportional to the relative elongation
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vy in static or dynamic test, in addition, in a certain temperature range, these
characteristics are almost identical [14]. In this case, equation (7) can be represented
as follows
a Aa o
| Al _w_tgq) ®)
Based on the scheme for determining the ratio of the thickness of the cut and
the thickness of the chips depending on the value of the shear angle (fig. 4) we
obtain: the equation (8) can be represented as follows

a
——.cos(D =a
S (@+y)=a, 9)

a — slice thickness; ac — chip thickness.

The ratio of the thickness of the cut to the thickness of the chips will be the
shrinkage of the chips
a, _cos(®+y)

‘ . =< (10)
a sin®
Taking into account the dependence of the shear angle, friction angle and rake
angle of the cutter according to Merchant's equation

@ :% -05(7-7) (11)
or according to Oxley's equation:
®=50"-08(17-7) (12)

we can find the friction angle for known values of the shear angle and the specified
rake angle of the cutter.

The table shows the reference values of relative strain values at appropriate
shear zone temperatures for some types of alloy and tool steels to be machined by
cutting in the hardened state and calculated by the above formulas to determine chip
shrinkage and friction angle. The obtained values of the shear angle are used when
finding the friction angle by formulas (11) or (12).

The table summarizes the data obtained as a result of calculations according to
the method proposed on the quantitative characteristics of shear angles, coefficients
of friction and shrinkage of chips in the processing of typical representatives of
hardened to high hardness low-alloy, medium-alloy, tool and high-alloy steels.
Indicators of relative elongation and relative narrowing are given from the reference
data of the properties of steels [7].

Fig. 6 shows graphs of the dependence of chip shrinkage from the hardness of
the steel being processed and the cutting speed.
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Table — Shear angles, friction angle, coefficients of friction and shrinkage of chips in steel

processing
Relative Angle
Test friction .
lengt shear Coeffi- .
Steel brand tempe- hen?n narro angle S cient of Shrm_k age
rature, wing degree L of chips ¢
oC g % D, (y= friction p
8, % v degree |_ 100)
500 26 75 19907' | 41%e' 0,9105 2,67
20H 600 35 77 24934' | 30952 0,5977 1,99
800 51 90 29002' | 21%4 0,4090 1,60
600 32 90 19935' | 40050 0,8642 2,60
30H 650 35 90,5 21011' | 39948 0,8282 2,15
) 800 48 79 31027" | 17°06 0,3060 1,44
Medium 500 25 78 17°46' | 44°32' | 0,9838 2,90
alloyed | 404 600 | 26 81 | 17948 | 44924 | 0,9850 2,90
800 48 94 27048' | 24%44' 0,4606 1,70
500 25 78 17%46' | 44932 0,9838 2,90
40HGN 600 27 85 17937' | 44%¢' 0.9925 2,91
800 57 96 30052' | 18%16' 0,3496 1,51
12HN3 500 26 75 19908' | 41%42' 0,8909 2,66
A 600 35 65 28008' | 23%42' 0,4390 1,67
700 43 67 32042' | 14936 0,2606 1,36
ShH-15 614 13 37 19922' | 41%4' 0,8714 2,33
650 145 48 17048' | 44%24' 0,9737 2,19
695 21 50 22047' | 34926' 0,6856 2,17
500 40 77 27028' | 25004 0,4677 1,72
) USA 600 48 85 29%24' | 21°06' 0,3859 1,57
Tooi 800 58 100 30007 | 19%6' 0,3594 1,52
steels 500 38 77 26017 | 27926' | 0,5191 1,89
U10A 600 46 85 28024' | 23012 0,4286 1,62
800 52 100 31020' | 17920 0,3121 1,44
500 32 68 27928' | 25004 0,4677 1,72
UI2A 600 44 82 28023' | 23014 0,4259 1,65
800 52 96 32048' | 14924 0,2567 1,33
12H13 600 41 80 28017' | 23926 0,4338 1,66
High 800 62 98 32019' | 15022 0,2748 1,38
alloyed | 12H18 650 17 43 21024' | 37012 0,7590 2,26
NOT 800 24 515 24959' | 32002 0,6253 1,94

Chip shrinkage is calculated by equation (10).
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Figure 6 — Dependence of chip shrinkage on the initial hardness of the processed HVG steel
and the cutting speed of PcBN ismit [13]: y = -5°, ¢ = 45°, cutting depth t = 0,2 mm, feed
S =0,084 mm/rev; 1 - 61 HRC, 2 - 55 HRC, 3 — 45 HRC, 4 - 37 HRC, 5 - 23 HRC

Research results. If we compare the value of the texture angle shown in fig. 2,
obtained by M. M. Zorev when turning steel 20H, with calculated data for this grade
of steel, shown in the table, the arithmetic mean of the shear angle, calculated for the
temperature in the conditional shear plane in the range from 600 to 800 °C, it almost
coincides with that shown in fig. 2. As can be seen from fig. 5, the temperature in
the conditional shear plane is in the range from 500 to 750-800 °C, and shown in
fig. 6 dependences of chip shrinkage on the cutting speed when processing steels of
high (curves 1, 2) and medium (curve 3) hardness are just close to those calculated
by formula (10) and are in the range of values from 2.5 to asymptotically close to
one.

Thus, we have practically proven conclusions about the legitimacy of the
application of the relative plasticity characteristics of the processed iron-carbon
materials at a temperature equal to the cutting temperature to calculate the shear
angle, which is an extremely important characteristic of the cutting process.
Confirmation of this legitimacy are the approximate values obtained experimentally
and calculated using the obtained values of the shear angles of the values of
shrinkage of chips.
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Onekcanap Manosuiiskuii, Cepriit Knumenko, Bitaniit Bypukin, Kuis, Ykpaina

PO3PAXYHOK KYTA 3CYBY IIPU PI3BAHHI IHCTPYMEHTOM
3 BII’EMHUM INEPEJHIM KYTOM

AHoTauis. YV cmammi posensidaromecs pesynomamu  OOCHIONCEHHA Npoyecy pIi3aHHas 3 Memoio
OMPUMAHHA PO3PAXYHKOBUX 3ANEICHOCHEN 3HAYEHb KYMA 3CY8Y 6i0 (Di3UKO-MeXaHiYHUuX 61acmusocmer
8aDICKOOOPOOIIOEAHUX 3aTi30-6y2Neyesux cmanell i CNiasie 6 MmepmMoOdapUiHUX YMOBAX NPOYECy Di3aHHA
ma GenuduHy He2amueHo20 NnepeoHbo20 Kymd, Wo € XapakmepHum npu o6podyi incmpyMeHmoM,
OCHAWEHUM RONIKpUCMANiyHUMu Haomeepoumu mamepiaramu  (ITHTM). Ilpu 06pobyi pizanHsam,
YMBOPEHHA CmPYICKU 8106YBAEMbCA 6 NIACMUYHOMY NOMOYI MeMAny 8 30Hi Pi3aHHa abo pyUHY6aAHHA 3
VMBOPEHHAM | NOOANbUIUM PO36UMKOM MPIWUH [ HACMYNHUM GiOOiNeHHAM eleMeHmHoi abo
cmyninuacmoi cmpyscku. OOHUM 3 OCHOBHUX NONOJNCEHb HAVKU NPO DI3AHHA Memanie € 3anexiCHicCmb
YCaoxku cmpydscku 6i0 cmynets degpopmayii wapy mamepiany npunycky. Ycaoka cmpyscku - 0OHa 3
OCHOGHUX XAPAKMEPUCmuK, AKa O00360JAC PO3NIZHAMU ABUWA 6 30MI PI3aHHA, 3pOOUMU YUCTOBI]
PO3PAXYHKU 3 GUKOPUCMAHHAM YbO20 NOKA3HUKA, NpOme GU3NAYeHHs OIICHOI 008CUNU MA WUPUHU
cmpyaicKu, 1T 36adCY8aHHA MA OMPUMAHHA OCINAMOYHUX Pe3YIbIMAMIE PO3PAXYHKIE (HAKMUYHUX GeTUYUH
YCAOKU CMPYIHCKU NOB'SI3AHI 3 8UCOKOIO MPYOOMICIKICHIO, MAIOMb 3HAYHI NOXUOKU MA HAO38UYALIHO
He3pYYHI Npu NPAKMUYHOMY 3aCMOCYBANHI NpU NpoeeodeHHi 00cniodiceHb ma 6 HPOMUCTIOBOMY
BUPOOHUYMBI, 0COOIUS0 - eleMeHmHUX ma Cyenobucmux munie cmpyducox. Buxopucmana
3a2anbHogioomMa cxema QOPMYBANHS CMPYIUCKU 3 OOHUM HIOWUHHUM 3CYBOM MA 3HAYEHHS NAOWYL
KOHMAKMY NepeoHix no8epxots PidiCyuux enemennis 3 Mamepianom npunycKy, uwo nioisedc 6u0aNenHio,
07151 HAOAHHS ONUCY KOHMAKMHUX ABULY 6 30HI (POPMYBAHHA CINPYIICKU MA PO3PAXYHKY KYMA 3CY8y Y yitl
nnowuni. Bcmanoeneno, wo HaAGHE 360POMHA 3ANEHCHICTNG MIJIC KYMOM 3CY8Y | He2amugHUM nepeoHin
KVMOM PIdiCyH020 eleMeHma 8KA3ye, o 3p0CMAanHs 8 He2amugHOMy 3HaA4enHi nepednbo2o Kyma éede 00
3MeHwents Kyma 3¢ysy, mobmo, mamepian, niooanuii Mexaniunii oopobyi, ne ¢ ioeanbHum i Mac nesui
81ACMUBOCE, SKI NPOABIAIOMbCS NPU U020 NIACMUYHOMY OeOpMy8anui, 6 momy yucii npu
(pesepysanni 6 ymosax sucokux memnepamyp. ITumome nodoemxcenns ma 8KopoueHHs 06poONIOBAHO20
Mamepiany npu memnepamypi pizanis 6U3HA4EHi a6Mopamu, K Xapakmepucmuky niacmudHoCmi npu
3¢y8i | 00paHi 0151 BUKOPUCMAHHS 8 PO3PAXYHKAX 3HAYEHb KYMI8 3CY8y npu jie308iti 06pobyi. Bnacniook
BUKOHAHHS 0aHOi pobomu 6y10 OMPUMAHO PO3PAXYHKOBI 3ANEACHOCHII 3HAUEHb KYyma 3¢y8Yy 6i0 i3uxo-
MeXaniyHux — 61acmueocmeli  6aicKOOOPOONIOBAHUX — 3aNi30-Gyeneyeeux cmaneti I Cniagie 8
mepmMoOapUYHUX YMOBAX NpOYecy pi3aHHA Ma GelUHUNHU He2AMUEHO20 NepeoHbo20 Kymda, Wo €
xapaxkmepHum npu 06pobyi incmpymernmom, ochawgenum ITHTM.

KuarouoBi ciioBa: npoyec pizanns; nepedniii Kym; ycaoka CmpyicKu; 3a1i30-yeneyesi Cniagu; 6iOHOCHI
NAACMUYHI XAPAKMEPUCTHUKU; KV 3CY8Y.
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