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CALCULATION OF THE SHEARING ANGLES WHEN ORTOGONAL FREE
TURNING WITH CUTTER OF A NEGATIVE RAKE ANGLE

The determination of shearing angle in process of free orthogonal cutting of low-plastic carbon-
ferrous alloys is provided by analytic method based on mechanical resistance of material machined. There
are numerous marks of steels deformation characteristics under the temperature of cutting as well as results
of experimental turning analyzed. The method proposed enables to calculate shear angles, angles and
coefficients of friction, as well as shrinkage of chip dependently of steel mark, relative elongation and relative
constriction of steel deformed when turning under the proper cutting temperature.

Key words: shearing angle, acting angle, coefficient of friction, shrinkage of chip, steel mark,
deformation characteristics.

Depending on the plasticity of metal in processing, chip formation occurs in the plastic flow
of metal in the area of cutting or breaking with the formation and the subsequent development of
cracks and the following separation of elemental or step swarf, also known as chip [1, 2] .

Known methods of assessing the nature of the deformation in the area of cutting enable to
solve efficiently the problem of stressed-strained state, however, is not always sufficient to fully
reveal the physical nature of the phenomena and quantify the processes [3-5].

One of the basic provisions of the science about the cutting of metals is the dependence of
the shrinks chip formation from the degree of deformation of material layer deformed. Long time
shrinks chip is one of the basic characteristics that allow us to recognize the phenomenon in the area
of cutting, make numerous calculations with its use [2].

However, it is well known that measurements of cutting length and width of the cut of chip,
its weighting of the final calculations of the actual quantities and values of the shrinkage of chip
related essential labor consuming, have significant error and extremely uncomfortable in practical
application in industrial production.

It is particularly difficult to get the values of the chip shrinkage in the formation of element
and jointal types of chips, the total length of which is almost impossible to identify without error [1].

Using the generally known scheme of chip formation with one plane shear and knowing the
area of contact of the rake surfaces of the cutting elements of the allowance that is to be removed,
it is possible to provide a description of the contact phenomena in the area of chip formation and
cutting force to calculate [3].

It is known [6], that separation of metal takes place in the area of cutting, where it received
the terminal deformation, which is extreme, and if tension is equal to the boundary strength of
consolidated metal.

In contact with the anterior surface of the cutter the stress in the chip will also reach their
limit values. M.f. Polétika [7] believes that the chip is formed as a result of the birth and development
of cracks in the close proximity to the cutting edge of the tool.

In Fig. 1 shows the microslice of the element of chip formation textured, the direction of which
depends on the location in the area of cutting [8].
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Fig. 1. Microslice separated with the texture of shift [8]. Distribution of the intensity of
deformation along the element of the chip (a) and of hardness on the element of chips (b)

The direction of the texture leads to the end of the plane, in which the metal is extremely
hardened and subjected to displacement, which also separates chips from the main material
allowance.

A subsequent contact interaction of chips with the rake surface of the cutter leads to additional
heating of the chip due to its friction on the rake surface of the cutter and texture mild chip already
formed not so much by the shear stress at the chip, but due to the contact friction with rake surface of
the tool and the internal friction of chip [9].

There are several current models of the zone of deformation while turning, both with one and
multiple planes, reflecting the process of chip formation, as a result of plastic shear strain in the area of
the workpiece material.

Despite the fact that model with the developed area of deformation looks more realistic,
analytical studies using models with one plane displacement look complete enough and when processing
high speed turning become more acceptable. This is especially evident when handling sharp fragile and
low plastic materials [1].
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Depending on boundary values of the fluidity and strength of iron-carbon materials can be
divided into high plastic when o+(c 0,2)/os = 0,45-0,55; plastic when c./c; = 0,55-0,70; low plastic,
which have a ratio of ¢./c; = 0,70-0,90
and fragile that practically do not have
turnover [10].

According to these indications,
almost all hardened steel and malleable
iron, chilled iron, high-strength alloy
must be attributed to the low plastic
materials.

When processing with tool of
negative values the rake corners, which is
typical for turning case hardened steels
and cast irons with cutters of
polycrystalline cubic  boron  nitrid
(PcBN), material in the zone of
deformation is compressed and displaced

Fig. 2. Microsection with texture formed on steel Steel
45, V=60 m/min; S=0,59 mm/rev; t=1,5 mm [2]

in the chips [10].

Looks like with Fig. 2, chip texture is formed at an angle that does not meet neither the rake
corner incisor, nor the angle position of the rakeier zone of chip formation [8].

Numerous microsections reveal that reveal the texture of the shear line, which goes to the
chips as examined in the best way by M. M. Zorev [2].

Zone of deformation image, the angle of the texture of chip with the measured their values
are shown in Fig. 3. where cutter with zero rake angle was used when processing carried out.

Fig. 3. Image of borders of zdne of de:i‘orur‘natlon in chip formation and shear angle of the texture
with a free rectangular cutting steel 207" (20G) speeds V = 0,7 m/min, the thickness of the cut
a=0,065 mm [2]

The sequence of the origin and formation of the element of chip when turning of steel 20G

type was recorded using high-speed shooting with a frequency of 1500 frames per second, as it is
shown in Fig. 4.
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Fig. 4. Diagram of the formation of these chips, and textures with the frequency of high-speed shooting
1500 frames per second cold-drawn steel type 2077 (20G). The thickness of the cut-0,25 mm

High-speed footage of the shooting that the figure. 4 obtained in the rectangular free-cutting
cold-drawn steel 20G type with a velocity of cutting 40 m/min. and the thickness of the cut of 0.25
mm. At the stage of the origin of the chip element in the material that separated the tekstue lines are
visible and are more clearly observed in separate elements of chip.

In this case the direction of the offset lines is the same. As long as the normal tension in the
elementary volume of material deformed, equilibrate tangent lines tension on the rake surface of the
cutter, shift does not happen, material of allowance is plastically deformed and being forced out of
the zone of deformation on the the rake surface of the cutter.

As soon as stresses reach the compression strength limits the destruction of its elemental
space and then extension first on the plane, and then on the rake surface of the cutter take place.

As S. Silin rightly insists [12] the force of chip formation when turning initiates significant
compression and elastic-plastic deformation of metal cut off with following plastic shifting
(destruction of).

Consider the modified scheme to determine the ratios of shearing angle, cut thickness chip
thickness and chip shrinkage, a proposed Merchant [1], and taking into account a negative rake
angle, as shown in Fig. 5.

Fig. 5. The scheme to determine the relationship between the angle of shear, cut and chip
thickness and chip shrinkage,; Aa-metal deformation on the thickness of the cut, A/-deformation
of metal on the length of cut
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Given the fact that the metal removed is that by not changing its density and missing side
deformations on the width of cut, condition of continuity can be represented in equal volumes of the
original before displacement and strain directly when the displacement of metal that process [13].

Provided the permanence of the width of the cut and the density of the material, the
quadrangles OABC and O1ABC: is to be equal. The area of quadrangle OABC will be:

Somsc =a-1 +0,5a-Al (1)
The area of quadrangle O1ABC: will be:
SolABcl = SolABC + SDBC - SDBcl (2)
The area of the constituent rectangle and triangles will be:

05-Aa-l-cos(®+y)
cos y - Ccos

~05a-Al 3)

SolABcl =a-l

After shortage:
0,51 - Aa-cos(® + y)
cosd-cosy

=0 o

After the cosinuses sums of angles decomposition we get:

cosa cosy ~ ®
Or
tg® = ctgy (6)
As shown on Fig. 7 and condition of continuity:
ii - % — tg®d (7)

With the resulting equation (6) reverse dependency between shear angle and negative rake
angle indicates that the increase in the negative value of the rake angle leads to a decrease a shear
angle, that is, if the material machined had to perfectly plastic properties and should be not friction
on surfaces in contact with the cutter, then if there would be zero rake angle the deformation on the
thickness of the cut would reach to infinity, and the strain on the thickness and length of the cutting
area would be equal if the values of y = 45°.

However, constructive and tool materials are not perfect, and have certain properties that are
shown in their plastic deforming, including while turning.

Many researches of characteristics of materials at temperatures close to the temperature of
the turning are provided. These data are contained in both the standard documentation relating to
most steels and alloys (State standards, technical terms), and numerous references.

But it is extremely difficult to define the real local temperature in contact zone in the process
of turning. The allocation of heat is the result of deformation in the area of turning, as well as friction
of cutter on the back surface and chips that goes on the rake surface.

Direct methods for measuring of the temperature in the area of the landslide there, estimates
its values depending on the temperature of workpiece, chip and tool too quite inaccurate, because in
this case there is a fairly high temperature gradient. There are methods of modeling to determine the
temperature in a zone of deformation, based on the theory of similarities, proposed by S.S. Silin [12].
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Figure 6 demonstrates graphic images showing the dependence of the temperature in the area
of displacement and temperature on the rake surface of the cutter dependently of speed of turning to
different tool materials by complex criterion F, taking into account the effect of the geometry of the
tool and the ratio of thermal conductivity of tool material and material processing, which shows that
the temperature on the rake surface of the cutter varies from 800 to 1200 °C depending on the tool of
and the temperature in the area of the shift at optimal on tool-life cutting speeds — from 500 to 700 °C,
and for PcBN Kiborite-type a more narrow range from 500 to 550 °C [14].
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Fig. 6. The dependence of temperature in the conventional shear plane (s) and temperature on
the rake surface of the cutter (b) from the speed of turning [10]

Taking into account the relation between the longitudinal and transverse deformations (7),
based on the terms of the continuity of the scheme in Figure 5, and analyzing dependence between
longitudinal and transverse deformation when testing on the strength of materials machined, it could
be assumed that the longitudinal deformation 4/ when cutting will be proportional to the relative
narrowing ¢, and deformation in thickness cut Aa respectively is proportional to the relative
lengthening of the  in static or dynamic testing, moreover, in temperature range determined these
characteristics are almost identical [14].

In this case, equation (7) can be represented in the following form

a A o
—_— == — = tg(D (8)
| Al w

Based on the scheme of the ratio of the thickness of cut and the thickness of chips depending
on the magnitude of the shear angle (fig. 7), we get:

. [0} = 9
P cos(® +y)=a, 9)

where: a — the thickness of the cut, ac — the thickness of the chip.
The ratio of the thickness of the cut to the thickness of the chip will be chip shrinkage:

a cos(®
a _cosl®ry) (10)
a sin ®©

Taking into account the Merchant dependence of the shear angle, the angle of friction and
the cutter rake angle

= %—0,5(77 ~7) (11)
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or equation Oxley:
® =50"-08(7-7)

the angle of friction for the known values of the shear angle and set the rake angle of the cutter can
be obtained.

The following table provides reference values of the relative values of deformations in
appropriate temperatures in a shift zone for some types of alloyed tool steels and the metal
processing in hardened condition and ones calculated for the above formulas to determine the
shrinkage of chip and angle of friction.

Obtained values of angle use at zgahodzenni angle of friction formulas (10) or (12).
Shrinkage of chips is calculated by equation (10).

The following table shows the data obtained as a result of calculations by the method
proposed. What is offered on quantify characteristics of the angles, friction. coefficients of friction
and shrinkage of chip in the turning of typical representatives of hardened to the high hardness of
low, medium doped, tool and alloyed steels.

Data on relative elongation and narrowing these are with reference data properties of steels [13].

(12)

Shear angles, angles of friction, friction coefficient and shrinkage of chip in the turning of steels

Ne Mark Steel Tempera | Relative | Relative | Shear | Angle of | Coeffici | Shrin
ture test | Elongati | Constric | angle, | friction, | entof | kage

°C ond % tion @ 7, friction of
w % degree | degrees u chip,

S (y=-10° ¢

1 2 3 4 5 6 7 8 9 10
1 500 26 75 19°07' | 41%6' | 0,9105 | 2,67
2 20X 77600 35 77 | 24%34" | 30%2' | 05977 | 1,99
3 800 51 90 29%02' | 21%4' | 0,4090 | 1,60
4 600 32 90 19935' | 40°50' | 0,8642 | 2,60
5 | edis 30X 650 35 905 | 21°11' | 39%8 | 08282 | 2,15
6 m 800 48 79 31°27' | 17°6' 0,3060 | 1,44
7 | alloyed 500 25 78 17°46' | 44°32' 0,9838 | 2,90
g | Steels | 40X 600 26 81 17%48' | 44%4" | 0,9850 | 2,90
9 800 48 94 27°48' | 24°44' | 0,4606 | 1,70
10 40XT" 500 25 78 17°46' | 44°32' 0,9838 | 2,90
11 H 600 27 85 17°37' | 44°%6' 0.9925 | 2,91
12 800 57 96 30%52' | 18°16' 0,3496 | 1,51
13 12XH 500 26 75 19°08' | 41%2' 0,8909 | 2,66
14 3A 600 35 65 28°08' | 23%42' | 0,4390 | 1,67
15 700 43 67 32%42' | 14°36' 0,2606 | 1,36
16 614 13 37 19922' | 41°04 0,8714 | 2,33
17 Tool rx- 650 14,5 48 17°48' | 44°24' 0,9737 | 2,19
18 | Steels 15 695 21 50 22047 | 34926 0,6856 | 2,17
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End of the table

1 2 3 4 5 6 7 8 9 10
19 500 40 77 27°28' 25°04' 0,4677 | 1,72
20 V8A 600 48 85 29°24' 21°06' 0,3859 | 1,57
21 800 58 100 30°07' 19%6' 0,3594 | 1,52
22 | Tool 500 38 7 26°17" 27°26' 0,5191 | 1,89
23 | Steels | Y10A 600 46 85 28°24' 23%12' 0,4286 | 1,62
24 800 52 100 31°20' 17°20' 0,3121 | 1,44
25 500 32 68 27°28' 25°04' 0,4677 | 1,72
26 V12A 600 44 82 28°23' 23%14' 0,4259 | 1,65
27 800 52 96 32°48' 14%24' 0,2567 | 1,33
28 12X13 600 41 80 28°17' 23°26' 0,4338 | 1,66
29 | High 800 62 98 32°19' 15922 0,2748 | 1,38
30 | alloed | 12X18 650 17 43 21924’ 37°12' 0,7590 | 2,26
31 | Steels | HIT 800 24 515 24°59' 32°02' 0,6253 | 1,94

If you compare the N.N. Zorev angle of the texture, shown in Figure 3 when turning of steel
20X (20H) with data for this brand of steel that are given in the table (p.p. 1, 2, 3 of table above),
the average value of the shear angle, calculated under the temperature range from 600°C to 800°C
in shear plane, it practically coincides with the labeled in Figure 3.

There are graphics of shrinkage of chips from the hardness of steel processing, and the speed

of the cutting in Fig. 7.
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Fig. 7. The dependence of the shrinkage of chips from the hardness of steel turning and cutting
speed when turning [15] XBI" (HVG) steel with PCBN Ismit cutter (y= - 50, p= 450, t= 0,2 mm,
$=0,084 mm/rev). 1-61 HRC; 2 -55HRC; 3-45HRC; 4 -37 HRC; 5— 23 HRC

As can be seen from the graphs in Figure 6, the temperature in the conventional shear plane
is in the range of 500°C to 750...800°C, as shown in Figure 9 according to shrinkage of chips from
the cutting speed when turning of steels of high (1.2 curves) and elevated (curve 3) hardness are
very close approaching to the calculated by the formula (9) and are within the range of values
between 2.5 to asymptotically approximate to 1.
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PO3PAXYHOK KYTIB 3CYBY IIPU IPAMOKYTHOMY BUUIBHOMY PI3AHHI 3
BIA'€EMHUM NEPEJHIM KYTOM

Busnauenns xyma 3cysy ma xyma Oii npu 6i1bHOMY NPSAMOKYIMHOMY DI3AHHI HUZLKONIACIUYHUX
3a1i30-6yeneyesux Cnaagié 30IUCHEHO 3a OO0NOMO2OI AHANIMUYHO2O Memood, wo 0a3yemves Ha
MexamiuHoMy onopi Mamepzaﬂy wo obpobnoemscs. 30ilicheno ananiz 0epopmMayitiHux xapaxKmepucmux
YUCTEHHUX MAPOK cmanell npu memMnepamypax pizamnHs, a maxoic Pe3YIbMAMIE eKCREPUMEHINIE 3 MOUIHHA.
Memoo, wo nponoHyemvCs, YMOJNCIUGTIOE PO3PAXYHKU KYMIG 3CY8Y, Kymie ma Koepiyichmie mepms, a
MAKOIIC YCAOKU CMPYIHCKU 3ANEHCHO 60 MAPKU CMAIL, NUTNOMO20 NOOOBIHCEHHS MA NUMOMO20 BKOPOUEHHSL
cmarni npu it 0egpopmysanHi 3 8i0NOBIOHON MeMNePamypoIo pi3anHs Npu MOUiHHI.

Knwwuoei cnoea. xym 3cygy, kym Oii, Koeghiyiecnm mepms, ycaoxka CMmMpYJiCKu, Mapka Ccmaii,
Odepopmayiiini xapaxmepucmuxi.

A.C. ManoBuukwuii!, B.C. AHTOHIOK?

YUnemumym ceepxm@epdblx mamepuanos um. B.H. baxyna HAH YKpaquz
Hayuonanvhoiii mexuuyeckuii ynusepcumem Ypaunvl «Kuesckuil nonumexuuieckuii uHcmumym
umenu Heops Cuxopckoeo»

PACYET YIJIOB CABUTI' A TIPH ITPAMOYT'OJIBHOM CBOBOJHOM PE3AHUU C
OTPULUATEJIBHBIM NEPEITHUM YT'JIOM

Onpedenenue yena coguea u yena Oetcmeus npu C0O0OHOM NPAMOY2OILHOM pe3anuul
MAIONIACTNUYHBIX JHCENe30V2NePOOUCTbIX CNIAB08 OCYUWECBIEHO AHATUMUYECKUM MemOOOM, OCHOBAHHOM
Ha MexaHuyeckom conpomusnenuu oopabamvigaemozo mamepuana. Ilposeden anaiuz oepopmayuoHHvIx
Xapaxkmepucmux MHO2UX MApOK cmaiei npu memnepamypax pe3awus, a Mmaxdxice IKCHepUMeHMAaNbHbIX
pe3yiemamos no mouenuro. llpeonazaemviil memoo nO380J5em OCYUWeECMENIAmMb paciemvl yei08 coguad,
Veno8 u KoIpPuyuenmos mpeHus, a maxdce YCAOKU CMPYICKU 6 3aBUCUMOCTHU OM MApPKU CMAlu,
OMHOCUMENLHO20 YOIUHEHUS U YOeIbHO20 YKOPOYEHUsL CIANU NpU ee 0ehOpMUPOBAHUU C MeMNePAmypol
Ppe3aHusi npu MoYeHuuU.

Kntouegvle cnosa: yeon cosuea, yeon Oelicmsus, Kodgguyuenm mpeHus, mapka Ccman,
Odeghopmayuonnvie XapaKmepucmuxu.
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