BOTHYTHIM KOHTAKTOM pabodYuX MOBEpXHOCTEH 3yObeB. [lamee oH ycmenrHo pa3Bu-
Ban 3Ty Tematuky u B 2009 rogy 3amuTui AOKTOPCKYI0 Aucceptanuio. K satomy
MOMEHTY OH Tieperen paboTarh B XapbKOBCKUK HanmoHaNbHBIN aBTOMOOMIIEHO-
nopoxublit yHuBepcuteT XAJIM, HO OCHOBHBIE TEOPETUYECKHE MOJIOKEHHUS €ro
nmucceptannu ObmH paspabotansl B HTY "XIIN" mpu HaydHON KOHCYIBTAITNH
npod. A.®. Kupuuenko.

PaspaboTkoii U mcciaenoBaHHEM TEOMETPHUN M KOHTaKTHOH IPOYHOCTH IBYX-
mapaMeTpuieckux 3yOuaThix mepenad Ha kadenpe KI'M 3anmmanmch Hukonail
Anamonvesuy Tkauyk n Anexcanop Bumanvesuy Ycmunenxo. llocnenauit mox py-
kxoBozcTBoM Tipod. H.D. Teputoka u mpod. B.H. 3arpedensproro 3amutmn B 2000
roly KaHIWJATCKYIO TUCCEpPTAIUIo To 3ToH Temarnke. Tarke Ha kadeape KI'M
BBINOJIHSJIMCE Pa0OTHI MO CO3/IaHHIO 3yOUaThIX BapHaTOpOB CKOPOCTH Ha OCHOBE
une Baouma Pomanosuua Kosanoxa. D10l TeMaTHKON 3aHUManuck Powan Ba-
oumosuy Koesanox v [Jmumpuii Onezoeuu Bononyesuu, 3amutusmuit B 1995 rony
KaHJIUJIATCKYIO TUCCEPTALNIO, MOCBALIEHHYI0 CHHTE3y BapuaTopa CKOPOCTH Ha OC-
HOBE COCTaBHBIX 3yOUaThIX KOJIEC.

B Hacrosimiee Bpems "IEHTp TSDKECTH' HCCIEOBAHUI B 00JNACTH 3yOUYaThIX
nepenad cMecTiiics Ha kKadeapy Teopun u cucTeM aBTOMATH3HMPOBAHHOTO MPOCK-
TrpoBaHus Mexanm3MoB 1 MammH (TMM u CATIIP). 3neck BexyTcs paboThI IO He-
CKOJIbKMM HAaIIpaBIICHUIM:

— MICCTIEIOBAHNS HOBBIX BHIOB 3allCTUICHHUH: SBOJIIOTHOTO M JIBYyXIIapaMeTpH-
YEeCKOro;

— COBEpIICHCTBOBAHNE TEOPETUIESCKHUX OCHOB OIIEHKH yCTAIOCTHON M3THOHOM
MIPOYHOCTHU IWIIMHAPUYIECKHUX 3yOUaThIX Iepeaad;

— ONTUMH3ALUS 3y0UaThIX IIPUBOJIOB MO MACCOTa0aPUTHBIM XapaKTePUCTHUKAM.

Crnenyer Takxe OTMETUTh, uTo Kadeapa TMM u CAIIP crana ¢ 2008 rona
0a30BOM 1O OpraHMW3alUU TPOBCACHUS MEXKIYHAPOMHOW HAYYHO-TCXHUUCCKOM
koH(pepeHimn "TIpobaeMbl kKadecTBa U TOJITOBEYHOCTH 3yOUaThIX Iepenay, peaykK-
TOpOB, UX jAeTanel u y3noB" B CeBacromnose. Kadenpa sBisieTcss OTBETCTBEHHOH 3a
m3panne Becrauka HTY "XIIN", temaTtmdaeckuit Boimyck "IIpobmembl MexaHmUe-
ckoro mpuBoxaa". Hauata pabora mo otkpeitiio B HTY "XIIN" mexoTpacieBoii
npobnemMHo#t mabopatopun "Pa3zpaboTka M WCCIIEAOBAHUS MPOTPECCHBHBIX BHOB
3y04aToro 3aleruieHnsT 1 MEXaHHIeCKOro mpuBoaa'.

B mepcrniexTHBe IUTaHUpPYETCs pa3BUBATh HAPABICHUS KOMIBIOTEPHOTO MO-
nemupoBanusi HJIC  HOBBIX BHAOB 3yOuUaThIX 3allelUICHUHA MW pacdeTHO-
9KCIEPUMEHTAIBHOTO HCCIEIOBAHNUSA UX TEOMETPUU U MPOYHOCTH. Taroke IIaHu-
pyeTcs OCHallleHHe COBPEMEHHBIM J1a0OpaTOPHBIM 00OPYAOBAaHUEM JUIS IKCIEPH-
MEHTAJILHBIX HcclienoBaHuii. Benercs paboTa mo HamucaHuio MoOHoOrpaguil |
y4eOHHKOB, ITOCBSIIIEHHBIX 3y04YaThIM Iepeaavyam.

Takum 00pa3zoMm, HccieoBaHus 3y0UaThIX Mepeaay, HMEIOIINE B HAIIICM YHH-
BEPCHTETE OOraTyr0 MCTOPHIO, ITONyYarOT BTOPOE IBIXaHUE M BHIXOJAT HA KAa4eCT-
BEHHO HOBEIH YPOBEHB, HE YCTYIAIOIIHIA MUPOBBIM TOCTHIKCHUSIM.
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THE EFFECT OF GEAR GEOMETRY ON THE
THICKNESS OF TOOTH FACE HARDENED LAYER

B cratbe ommchIBaeTCs BIMSHHE FEOMETPUYECKHX MapaMeTpOB CTAHAAPTHBIX SBOJIBBEHTHBIX U HECTAHIApT-
HBIX BBITYKI0-BOrHyThIX (CC) 3y0UaThIX mepenay 10 TOJIIMHBI YIIPOYHEHHOTO ci1osl. TOJIIMHA YIIPOYHEHHO-
TO CIIOSl IMeeT BayKHOE 3Ha4YeHHe I U3HOca 3y0a. B cirydae ¢ 9BONBBEHTHOH IIepesiaueii TOMIIIIHA CIIOSI OII-
pernersiercst OoJiee aBTOpaMIL, ¥ Takoke ucronb3oBanueM crannapra STN 01 4686-5. B ciryyae HecTaHIapTHBIX
BBIYKJ10-BOrHYTHIX (C-C) 3y0uaThIX repesiad HeT CTaHAapTOB, TOITOMY MOXKHO OINPEAEIUTh TONIIHMHY 3aKa-
JIGHHOT'O CJIOS TOJIBKO C HUCTIONB30BAHIEM COBPEMEHHBIX METOI0B MOICIUPOBAHNSL.

This article describes the effect of the geometrical parameters of the standard involute and non-standard
convex-concave (C-C) gearing on the thickness of the hardened layer. The thickness of hardened layer is
important from the aspect of wear on gearing. In case of involute gearing is the thickness of the hard-
ened layer defined by various authors, what is on the other hand determinated also by the standard
STN 01 4686-5. In case of C-C gearing there are not available any standards, and therefore it is possible
to determine the thickness of the hardened layer only by the means of modern simulation methods.

Introduction. The simplest gearing is
created with one pair of meshing gears, where
the tooth faces are creating a kinematics cou-
ple. This kinematics couple serves to the tran-
sition of rotational movement and mechanical
energy. The basic criterion of a gearing is to
acquire a continual tooth mesh what is de-
fined in the fundamental law of gearing Fig.1:
the continual mesh of two profiles occurs,
when the mutual normal line in the point of
contact proceeds through the pole of relative
motion C (pitch point) in every moment [1].
Point C then divides the axis spacing in ratio,
which equals to the gear ratio [2]:

Fig.1 — Criterion of gear mesh
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@, ; — angular speed (velocity), z; , — number of teeth, r,,; , — rolling radius.

The elemental displacement of both profiles in the direction of the normal line
has to fulfill the criteria (1), it means that the normal components of the peripheral
velocities must be equal:

Var ™ Ve T Va )

vu12 — normal components of peripheral velocity.

The profiles meeting the requirements (1) and (2) are called conjugated pro-
files and the C-C gearing must also fulfill these requirements. Except of the con-
stant gear ratio (whit exception, when it does not acts on the gearing with variable
gear ratio) the gearing in general has to meet also other requirements [3]:

a) Functional requirement: teeth not undercut, determined width of tooth adden-
dum (s,=0,2m, or 5,~0,4m,), absence of interference, minimum meshing dura-
tion (0.>1,2)

b) Operation requirements: similar values of bending strength and gearing slides,
high stiffness in contact pressure transmission, wear resisntace.

¢) Economical requirements: simple manufacturing, simple control and assembly,
easy operation and maintenance.

d) Continuous and silent operation at the required period of service.

Material and methodology. It is evident from the fundamental law of gear-
ing, that the main structural element of the gearing is the tooth face profile, charac-
terized by basic geometrical parameters:

Involute gearing — the
path of contact is a straight
line (Fig.2): zi5, m,, .o,
x> and the tool parameters
ha*, hy*, 1.

C-C gearing — the path
of contact is created from
two arcs with inflection
point C (Fig.3): zy,, m,, o,
s ¥ @and the tool parame-
ters A%, hy*, r/*.

Geometrical parameters
and the shape of the path
of contact clearly determines
the type of the gear. The
meshing conditions of the spur gears are defined on the face plane, where the gen-
eral point of contact X is translating through the path of contact defined with point
AE, while for the moment are two teeth in mesh (points AB, DE) — Fig.4,5.

For defining the reduced radius of curvature S,.; in case of involute gearing
(mesh of two convex surfaces) the following equation applies:
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Fig.2 — Basic geometrical parameters of the involute gearing

ot : 1 1 +L: PP, , (3)

pred pl pZ pl'pZ

: P12 —radius of curvature
% In case of C-C gearing and
also the inner involute gearing

e s SRR = RS 5 (mesh of concave — and convex
-“ L + surface) the following applies:
y LS S S S A )

Prea B P P PP

& |
04
v

The magnitude of Hertz's
Fig.3 —Basic geometrical parameters of the C-C gearing [4]  pressure can be determined by [5]:

o 0418, Jﬂ LE.E, [L+ ! ) )

b .E|+E2 . pl_pz

pu — reduced radius of curvature by Hertz; Fy — normal force; b — face width; E,
E,, 1, 1 — are elastic constants of materials of each cylinder

The tangentional component of the peripheral velocity plays a significant role,
where with the right correction of the gearing it is possible to influence and reduce

\ o 1

red o

\ . |
\'v""ld_j

i |
Fig.4 — Meshing parameters and radius  Fig.5 — Meshing parameters and radius of curvature

of curvature of involute gearing for C-C gearing [5]
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the magnitude of friction which comes whit a temperature reduction in the contact
area of the gearing. The calculation of the tangentional components of the pe-
ripherical velocity in case of C-C gearing is more complicated [6] (the location and
orientation of the components of the peripherical velocity is changing) because of
the shape of the path of contact. Distribution of the normal and tangentional com-
ponents of the velocity in the involute gearing is evident from Fig 6, in case of C-C
gearing (Fig.7) these components cannot be clearly determined due to the curved
shape of the path of contact.

. :
Fig.6 — Distribution of velocity components  Fig.7 — Distribution of velocity components
in case of involute gearing [6] in case of C—C gearing [6]

The determination of the gearing slide could be done with the following ex-
pressions:
l91 :Vrl “ Vi ; 9 = Vi2 "V ) (6)
v : v

t1 t2
vy1 2 — tangentional component of peripheral velocity
From Fig.8 it is evident, that the values of gearing slide in case of C-C gearing
are lower than in case of involute gearing [6].
Based on the aforementioned facts it is possible to compare the advantages
and disadvantages of the involute and C-C gearings.
Involute gearing — the benefits are due to the characteristics of the involute profile:
- simple profile and easy manufacturing,
- possibilities of tooth profile correction,
- correct mesh and constant gear ratio, even after the change of center distance,
- good reliability, lifetime and mechanical efficiency.
The drawbacks of the involute gearing:
- possibility of undercutting the tooth dedendum for the low number of teeth,
- risk of teeth tapering for the high angle of mesh,
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Fig.8 — Progress of gearing slides in C-C gearing [6]

(m=4mm, z,=16, z,=24, ry=ri;~8mm, a=20°)

- development of higher surface pressure (two convex surfaces engaging on each
other- external gearing),
- development of higher gearing slide and higher losses by friction,
- noise and vibration,
- the rigid constraint not allows vibration damping and dynamical loading,
- requirements on the accuracy.
C-C gearing — the benefits comes from the advantage of mesh of convex tooth
faces with concave tooth faces [7]:
- lower contact pressures (high load carrying capacity in contact),
- better gearing slide ratio what can affect the lower wear, noisiness, and losses by
friction with final, effect on the longer life time and durability.
C-C gearing disadvantages:
- more complicated shape of tooth face,
- high requirements on finishing operation,
- reaching the accurate distance between axes.

Experimental methods. In force transmissions the widely used base material
is steel where at the maximum load rating (high carrying capacity) it has to preserve
its stiffness with ductile core and increased hardness of tooth faces with the fallowing
characteristics [7].

e gear teeth resistant against brittle fracture at impact loading,
o high stiffness and hardness of tooth faces in contact,

e good resistance of tooth faces against wear and seizing,

e increasing of fatigue strength of surface layer in tensile.

The geometry itself with the properly selected material does not ensure in-
creased hardness of tooth faces, therefore it is necessary to modify the material by
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the means of thermochemical design: cementation, carbonitriding, nitriding, borid-
ing, or surface hardening (Table 1).

Table 1 — Datas of thermochemical surface engineering techniques [8]

Technology Carbonitrid o . .
Cemented . Nitriding Nitrocemented Borided | Surface hardened
Properties ng
Difunded C CIN N N+C, N+CHO B -
elements
30-70 °Cover Ac3
R 850-950 600-630 500-550 820-860 800-1000 ’
Temerature [°C] 3070 °C over Acl
Thickness of | 0,15-0,2.mn 0,4-0,8 (ammonia)
0,05 0,2-0,6 2,5-60r1-2
layer [mm] | (max 2mm) 0,05-02 (bath) or
Layer hardness 60-65 HRC, 56-60 HRC, 1500-2000
’ 60-62 HRC 1000 HV 45-55HRC
[HV],[HRC] (1000-1200 HV)|  (700-800 HV) HV

Hard layers established with the aforementioned technologies on the surface are
of high resistance against abrasion, while the depth of the layers and the resulting
hardness are not equal (Fig.9).

The nitride and carbonitride layers are the hardest and fatigue resistant, but
they have small depth which not allow high loading with surface pressures (the
core would deform and the nitrided layer would damage), therefore they are appro-
priate for gearings with intensive abrasive loadings and lower surface pressures.
For higher surface pressures it

is necessary to use alloyed 1200 I I I
steels with higher toughness 3
and core strength. 1000 = -

Cemented and  nitro-
cemented layers has lower
hardness (~ 800HV ) but are
essentially thicker and there-

800

— (HY)

fore has good wear resistance 600 -

and if the core strength is high 5

enough they tolerate higher sur- aoofe! S a

face pressures.  |INO 0 e T T
Surface hardened layers | S e

have lower hardness (max. 750 200 ]

HV) but they are the thickest

and therefore they tolerate 0 1' ; '3

high surface pressures.
—> tmin (MmM)

Other pOSS.lblhtleS t? 1r.1— Fig.9 — Comparing the hardness of various layers [9]
crease the carrying capacity is 1 - cemented, 2 - nitrocemented, 3 - nitriding,
the creation of coatings by de- 4 - carbonitriding, 5 - surface hardened
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positing thin layers on the base material. Methods of coating deposition are the fol-
lowing [10], [8]:

1) CVD Method (Chemical Vapour Deposition) — The principle of CVD is in
heating up the coated substrate in vacuum to high temperature (900-1050 °C) and
with response of chemical compounds, supplied to the surface of the material in
vapour state, the solid state is formed.

Benefits: High temperature stability of the created layers, possibility to de-
velop complicated layers not only nitrides of metals, high adhesion and wear resis-
tance, uniform thickness of the layers on the surfaces with complex shape.

Disadvantages: maintaining the base substrate at high temperature to reach
steady chemical structure and high power demands long operation cycle (8-10 h)
due to long heating and cooling, ecological problems with disposal of exhaust gases
produced during deposition, tensile strengths in the layer (different coefficient of
thermal expansion).

2) Coating with PACD method (Plasma assisted chemical vapour deposition)
— Presence of plasma allows to lower the temperature of layer forming at 470-
530°C. No dimensional changes occur during the coating process. These coatings
have extremely low coefficient of friction (below 0,1). The equipment for PACVD
coatings enables except of coating deposition also surface nitriding and cleaning
the parts by the means of ion etching. Coatings created in this way complies to high
requirements of quality, mainly abrasion resistance, life and hardness.

3) PVD Method (Physical vapour deposition) — The principle of PVD is based
on transformation of deposited material to vapour phase (ion sputtering) in vacuum
and depositing on the substrate at low temperatures (150-500°C). The coating
thickness is ranging from 1-to 5 um.

Benefits: the most friendly method of coating deposition (no toxic matherials
are used), high wear resistance of the layers, low coefficient of friction, possibility
to form wide range of various combinations of the layers, small thickness and easy
reproduction of the layers, possibility to form accurate layer thickness, possibility
to control internal tensions in the coating, high speed of coating deposition with
good adhesion.

Drawbacks: difficulties with deposition on polymers, high costs on purchasing
and operation.

4) Thermal spraying — The material is deposited as a powder or wire and it is
brought to the equipment where it is melted and forwarded to the substrate. With
impacting the surface the smelted particles are spread and the drops are coupled
among each other, where the coating is formed during the cooling process. The
thickness is ranging from 0,2-2 mm.

Benefits: good wear resistance, excellent tribological characteristics, oxidation
resistance, corrosion, electro insulation and electro-conductive coatings.

From the mentioned methods of deposition of thin coatings the PVD method
seems to be the most suitable to deposit thin coating on gears, which belongs to the
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most advanced methods, operates with low temperatures (max. 500°C) and allows
to create also several hundred layers, so called multilayers and nanolayers with
thickness up to few pm and last but not least it is economically reasonable [15].

Before deposition it is necessary to remove impurities from the surface (due to
good adhesion). The most important requirements in coating deposition are, that the
layers must have good mechanical stability (no cracking) and must have good adhesion
to the substrate (no delamination). From the aspect of increasing the carrying capacity
of gear wheels it is necessary to improve the following mechanical characteristics:

high surface hardness, high stiffness, resistance against corrosion and high
temperature oxidation, abrasion resistance, long lifetime [11]. Moreover the coating
has to resist to temperatures around 400°C, low coefficient of fiction, maximum
surface roughmes Ra=0,6 um etc. [10].

Results and discussion. From the aspect of minimum hardened layer thick-
ness determination on the geared transmissions are dangerous mainly high shear
stresses, developing from the contact pressures in the surface layers, which can
cause pitting and plastic deformation in the area below the coating and to fracture
of the layer [12].

Involute gearing:
1) The magnitude of minimum depth of hardened layer is specified by stan-

dard STN 01 4686-5 in the control of fatigue in contact
a) for cemented and nitrocemented gear wheels the following applies:

htmm=£.4,l6.10‘3,d1_L, )
Sy —120 u+1

Rymin — min thicknes of the hardened layer; Jy — tooth core hardness; d; — cir-
cular pitch; u — transference number.
b) for nitrided gear wheels applies:

min :A.ZJ&IO’3 .d, L (8)
J =150 u+l

2) According to GLAUBITZ [13] has to be the minimum thickness of the
hardened layer ti greater than the depth of maxim shear stress:

tE = 2'(Z)rmax ’ (9)

(2) max — max shear stress depth.

3) LINHART [14] in his work determines the requirement of minimum hard-
ened layer in the way, that on the interface of the layer and the core must not ex-
ceed the yield stress:
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ox; — yield stregth; py; — max. tensile stress according to Hertza; f,,;, — min thicknes
of hardened layer; a — half width of contact area.

C-C gearing: In case of C-C gearing it is possible to determine the minimum
thickness of hardened layer on the base of numerical simulations [11]. Maximum
von MISESS stresses and maximum shear stresses were evaluated, while the mini-
mum thickness of the hardened layer was determined from the maximum shear
stress. Simulation were run on 108 models, which varied in angle of path of contact
in point C (a,.), which acquired values: a,=6°+23°; further they varied in radius of
curvature of path of contact (i), which acquired values: 7=13,17,22 mm. Other
geometrical parameters of C-C gearing are shown in Table 2.

Table 2 — Gearing parameters

28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 1,297 | 1,39 | 1,481
28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 | 1,314 | 1,411 | 1,507
28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 | 1,331 | 1,434 | 1,535
28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 | 1,349 | 1,457 | 1,564
28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 1,367 | 1,481 | 1,594
28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 | 1,387 | 1,507 | 1,626

6 4 28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 1,407 | 1,533 | 1,659
ac — angle of point C, m — modulus, z — number of teeth, D — diameter of the pitch circle, D, — ad-
dendum diameter, D, — dedendum diameter , a,, — axial distance, j,, — backlash

ac m Z1/zz DI/DZ Dal/DaZ Dﬂ/Dﬂ a=a,, j=jw 3 Tk [lr:m 22
[l |mmjf [—] [ [mm] | [mm] [mm] [mm] | [mm]|g,[ — ]|&[ — |8l — ]
23 4 28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 ] 1,167 | 1,219 | 1,266
22 4 28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 ] 1,176 | 1,23 | 1,281
21 4 28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 ] 1,185 ] 1,242 ] 1,296
20 4 28/42 | 112/168 | 120/176 102,8/158,8 140 1 0,142] 1,194 | 1,254 ] 1,311
19 4 28/42 | 112/168 | 120/176 102,8/158,8 140 0,142 ] 1,204 | 1,268 | 1,328
18 4 28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 ] 1,216 | 1,283 | 1,346
17 | % | 28/42 | 112/168 | 120/176 | 102,8/1588 | 140 | 0,142 | 1,228 | 1,299 | 1,367
16 4 28/42 | 112/168 | 120/176 102,8/158,8 140 10,142 1,24 | 1,315 1,387
15 | 4 | 28/42 | 112/168 | 120/176 | 102,8/158.8 | 140 | 0,142 | 1,253 | 1,332 | 1,408
14 4 28/42 | 112/168 | 120/176 102,8/158,8 140 | 0,142 ] 1,267 | 1,351 | 1,431
13 | 4 | 28/42 | 112/168 | 120/176 | 102,8/1588 | 140 | 0,142 | 1,282 | 1,37 | 1,456

4

4

4

4

4

4

From the results of maximum shear stresses were specified equations for the
determination of minimum thickness of hardened layer in point B and D (Fig.5),
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which where defined by a trend line.
Than for the point B applies:

0,0056
b =0,3012.a0 (1)
and for the point D applies:
0,0282
tin=0,2913.00 - 12)

Conclusion. The presented article deals with the effect of geometrical parameters
of C-C gearing on the determination of the minimum thicknesss of hardened layer. This
was specified by numerical simulation by the means of FEM analysis, where for the
point B applies the expression (11) and for the point D expression (12) [11]. In the men-
tioned expression the minimum thickness of the hardened layer depends on the angle of
the path of contact in point C — a,, while the final value has to be round to hundredth.
Starting point for the design of hardened layer then could be the most unfavorable situa-
tion from the expressions (11) and (12) to prevent its failure and damage of the base
material.

Subject for further examination is to continue in research on increasing the
load carrying capacity of C-C gearing by the means of thin hard layers (multi lay-
ers, nano layers,) while in [10] is evident the effect of TiN thin hard layer. Further
research is carried on with the application of mono-, multi- and nano layer on the
model of strength analysis.

The work was elaborated within the solution of grant projects VEGA 1/0189/09.
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UCIOJb30BAHUE MPOU3BOJHOM OT YCKOPEHUS
BHEAPEHUSA ITPU HAXOXKJIEHUU TOYEK HA
OT'MBAIOIIEN, 3HASI TOUKH HA OBBOJIAKUBAIOIIEN

3anponoHoBaHa Moaudikalis KIHEMATHYHOTO METOMY OOYHCIICHHS KOOPAMHAT KPAallOK Ha MOBEPXHSX,
(opmoBaHMX METOJAMM OTMHAHHS. METOX JIErKO BIHCYETHCS B ICHYIOUI CHCTEMM aHAIi3y MpOLECIB
(hopMOyTBOpEHHS HeqU(epeHIIaTbHUMI METOAAMH, CYTTEBO 3MEHILIYIOYX 3arajbHUM 00CAT 00YHCIICHS.
IMoka3saHe, 110 3aCTOCYBAaHHS IOXiAHOI Bil MPUCKOPEHHS BIPOBAIKCHHS Ha MOPSANOK MiJBHILYE TOY-
HICTh KIHEMAaTHYHOTO METOJIy 3HAXO/DKEHHS KPAIoK Ha MOBEPXHi, 110 OOTHHAE.

There is a modification to the undifferentiated surface points’ estimation methods that are formed by enve-
lope methods. This method: doesn’t need a lot of additional calculations; easily fits the existing analysis
systems of forming processes; essentially reduces the overall total of calculations at adequate accuracy.

IMocTanoBka 3agauu. B [1] n3nokeH KHHEMaTHIECKUI METO HAXOXKACHUSI TO-

YeK Ha OTHOAaroIel TTOBEPXHOCTH, UMes TOUKH Ha 0OBoJIaKMBatolei [2]. MeTox ocHo-
BaH HA MCIOJIb30BAHUH TIOHATHI CKOPOCTh M YCKOPEHUE BHEAPEHHMS U, KaK IMOKa3aHO B
[1], mo3BomsieT mpu ToM ke uucie “pe3oB" Ha 1-3 mopsiiKka yMEHBIIUTH BETUYUHY OT-
KJIOHCHHST HAXOJUMBIX TOYEK OT TEOPETHUUECKOU orubarorieil. KommbroTepHbie pacye-
TBIL, YaCTh KOTOPBIX MPE/ICTaBIICHA B [ 1], MoKa3aiy, 9To XapakTep OTKJIOHEHHs HalICH-
HBIX TOYCK Ha X3 OT ormbaromieii X2 (CM. pECYHOK 1), MOIUHMHSETCS BIIOJHE ONpEie-
JIEHHBIM 3aBUCHMOCTSIM: a) B HATPaBJICHUU

% T, pocTta paamyca KpHBH3HBI OrHoOaromei >2
TOYKM X3 pacroiaralorcsi BHYTpU Tena
%, ormbaromieii X2; 0) OTKIOHEHWS TOYeK X3

OT X2 CBsI3aHBI CTETICHHON 3aBHCHMOCTEIO.
Bcé 310 cooTBETCTBYET (DH3HUECKOMY
Y| — 00BOJIAKMBAIOLIAS
S, ornGaomas; CMBICITY W YKa3bIBaeT Ha TO, YTO B aHAJIH-
T, — Halinena kKuHeMaTHYeckuM MeTogiom  SUPYEMOM IIPUMEPE MOTPEIIHOCTH BBIMHC-
JICHUI OOYCJIOBJICHBI BIHSHHEM TPETHUX
MIPOU3BOJIHBIX. Belb CKOPOCTh BHEAPEHHS BBIYKCIICTCS Yepe3 MePBhIC MPOU3BO/IHBIC,
YCKOpCHHUE BHEAPEHHUS — Yepe3 BTOPBIC POU3BOIHBI; a 00JIee BEICOKUE TIPOM3BOTHEIC B
KAHEMaTHYeCKOM MeTofie [ 1] He YUUTHIBAIOTCS. 3aMETHM, YTO BBICOKHE TIPOU3BOIHBIC
MpeIaraioch UCIIONB30BaTh MPU aHAJM3E M CHHTE3¢ 3aleruiecHuil u panee. Tak .11
[leeneBa pazpaborana mMeron creneHHBIX psnos [3]. 1. T. babrues mwmcan [4] o mo-
JIE3HOCTH TIOHATHH BBICOKHX TPOM3BOAHBIX OT CKOPOCTH BHENPEHWS, HO HIes dTa J0
HACTOSIIIETO BPEMEH! HU B METOJIMKAaX, H B pacueTax He Obla pean30BaHa.
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Pucynok 1 — Buzsl nosepxHocTeit:



